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PREFACE Old Edition 


I took up preparing the book on the basis of the syllabus 
forwarded by the council of Higher Secondary Education to the 
West Bengal Publishers'and Book Sellers’ Association. From time 
to time the ‘Gouncil forwarded modifications. These have been 
accommodated. ' Nevertheless the printed syllabus. differed in some 
minor respects from what was forwarded to the „association. 
Though they did ‘not require any substantial modification of the 
text, the author regrets the deletion of reference to the SI units. 
The topmost international scientific bodies strongly advocated the 
use of one system only ( Systeme International ) for all scientific 
measurements all over the world. West Germany accepted it 
even for domestic purposes. But in our country school children 
are ‘still required. to learn systems of units. This is entirely 
unnecessary. Incidentally it may be noted that the council for 
Indian School certificate have issued clear instructions for the 
exclusive use of SI units for their examinations (Classes XI to XII). 
I wonder why our syllabus framers are 80 indifferent about 
international units and symbols, as well as the way how to use 
them. With the financial support oí the Unesco a booklet entitled 
‘Symbols, units and Nomenclature in Physics’-was circulated around 
1967 by the NCERT to all institutions of higher educations in 
India. Authors, research workers, writers of popular scientific 
articles from the rest of India are following the International 
Recommendation contained in the pamphlet. But in our own state 
of West Bengal we find very little evidence of it. 

I have tried in this book to give the student some aquaintance . 
with SI units and the their handling. As there is talk of syllabi 
being soon revised and lightened, I do fervently hope more 
attention will be paid tothe SI units and obsolete topics dropped 
from the course. What matters primarily is to determine the 
purpose of the physics course. Should it be part of:a General 


more uptodate in such matters. | E 
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Science course or a prepatory course for higher studies ? I fear | 
the two purposes cannot be successfully combined.. The present ^ 


course seems to support my apprehension. 4 
The syllabus might have advised the use of modern nomenclature ^ 


such as Relative density for specific gravity, sp:cific heat capacity 3 
for specific heat, specific latent heat for latent heat. The word — 
specific is at present used in the sense ‘per unit mass’. The usage | 
should be encouraged. Since heat is energy, the ‘calorie’ is dropping | " 
out of use and the 'joule" is used as the unit of heat. Such usage 
has the added advantage of doing away with the ‘mechanical : 
equivalent of heat Let us hope that the new syllabus will be 4 


When a page limit is prescribed for a book it is necessary that 
the maximum number of pages to be allotted to the main topics be 
at the same time be specified. Otherwise, there will be too much 
variation from book to book, creating confusion among the students — 
and teachers alike. An approximate page limit is desirable; but _ 
wasting space by printers for profit may alone make a difference of _ 


"10% or more in the same text, 


Let us hope that the relevant successor authorities will look 4 


into these matters. Uye- 
d. D. P. Re 


PREFACE ( New Revised Edition ) . 


. The above provides an insight to the depth and sincerity of 
purpose for improving the teaching of Physics in West. Bengal 
evinced by Dr. D. P. Raychaudhuri in this his last text book for 
our students. A teacher who became a legend in his life time, 
characterised by a perceptive and grateful young colleague as a 
teacher of teachers, seems to have cried in vain for rationalising 
and modernising our approach to teaching of physics in West 
Bengal. We seem to remain immovably shackled to tradition that 
have become out of tune. ) 

Dr. Raychaudhuri had during the last five months of his long 
and venerated life engaged in revising this very volume when he 
left us (July 1985) loaded with years, honours and very deep 
respect. The Publishers requested us. To make the book ready 
for the Press. That was last October. 

From the very first it wasdeemed proper todo away with the 
page limitations that constrained the late author and to introduce a 
large number of worked out sums and exercises culled from various 
public examinations all over India including those of the current 
rage, Joint Entrance and LIT. Admission examinations. Extensive 
expansions have been effected, many from the pen of the late author 
himself, to amplify the basic ideas and aquaint the student 
with modern applications of these ideas. We particularly draw the 
attention of colleagues to the chapters on units and Dimensions 
from Dr. Raychaudhri's text on Properties of Matter, and that on 
Elementary calculus introduced. More emphasis have been laid on 
relevant experiments that give flesh and blood to physical laws and 
principles. In mechanics, graphical and calculus methods of deriving 
various laws have been added to show their elegance and vivid 
picturisation. However, it must be deplored that the brevity 
and succintness that was the guinea-stamp of D. P. R, have 
been lost. Still most of the additions that have been brought 
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about come from his other works. The discerning teachers would 
still be aware of jolts and jars as they peruse the kook. We crave 
their indulgénce for we have striven) ò the best of our limited. 
ability to make the book useful to the demands of current students 
as desired by the new Publishers of the book. In revising thus we 
have utilised extensively many books, indigenous and foreign that 
command extensive circulations at present. Our very humble 
thanks are due to all the authors. 

Due to rushing the book through the Press in only five months 
the Printer’s Devil had had a field day for which we can only ask 
for forgiveness, from colleagues and students. 


August, 1986 1 : J. K. Me 
53D. R; 
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8. 


9. 


10. 
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138; Characteristics and factors affecting boiling 
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EXERCISES Pages 187-250 


West Bengal Council of Higher Secondary 
Education Syllabus 


PHYSICS ( Elective ) 
Full Marks 80: ( Theory ) 


PAPHR—I 
1. MECHANICS 


Particle: Dynamics: 

Rest and motion, reference frame, displacement, velocity. and 
acceleration, momentum, kinematical equations (in. one PEE L, 
elementary problems. 

Scalars and Vectors, Compositión and resdlation of Vectors. 
Representation, of vector by co-ordinates, Addition: of: vectors by 
geometrical aud analytical methods; Relative velocity and acceleration. 

Newton's laws of motion, inertia, units of force, impulse, and 
impulsive forces, conservation of linear momentum-elastic collisions of 
particles moving in the same line, jets and rockets. Friction, static and 


kinetic friction, co-efficient of friction. 


Statics : 

Centre of mass, centre of gravity, conditions of equilibrium of a 
system of particles. 

Dynamics of Rotational Motion : 

Rotational motion of a particle, angular Velocity, angular 
acceleration, relation between angular velocity. and linear. „velocity, 
angular momentum, moment of a force about a. point and about an 
axis, torque, relation between angular momentum and torque, 
(statement only) couples, centripetal force, centrifugal force. ee a> 
pseudo-force). 


i 
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Work, Energy and Power : 

Definition of work, relevant units, work done by and against a 
force, Mechanical energy—kinetic and potential forms. Conservation 
of energy—with the case of a freely falling body as an example. 


Power—definition, units. 


2, GENERAL PROPERTIES OF MATTER 


Gravitation : 


Newton’s law of universal gravitation. Constant of Gravitation 
(no experimental details on the determination of the gravitational 
constant), Gravitational attraction for extended bodies. Gravitational 
attraction of the earth. Laws of falling bodies. Variation of acceleration 
due to gravity. Simple pendulum. Motion of planets, satellites, Escape 
velocity ( no deduction ) weightlessness in orbiting satellites. 


Elastic Properties of Matter : 
Stress, strain, elastic limit, Hooke's law, elastic madulli, young's 
modulus, Bulk modulus, rigidity modulus, Poission's ratio. 


Hydrostaties : 


Density, Specific Gravity, (methods of determination of Sp. Gr. 
not required), Archimedes’ principle (demonstrations ) flotation, 
pressure in fluids, transmission of fluid pressure, Pascal’s law and its 
applications. Air pressure and its measurement, Siphon, principles of 


lift pump, compression pump, Vacum pump. 


8. HEAT 


Recapitulation of the basis concepts of heat and temperature. 
Thermal expansions of solids and liquids simple demonstrations, 
co-efficient of expansion for solids, relation between them. Applications 
of expansions of solids. 


Real and apparent expansions for liquids, relation between 
expansion co-efficients, Anomalous expansion of water. Effect on 
marine life. 
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Thermal expansion of gases. 


Boyle’s law, Charles’ law, Equation of state of an ideal gas ; volume 
and pressure co-efficient, Absolute scale of temperature. 


Calorimetry : 


Preliminary definitions, principle of calorimetry (no questions »on 
measurement to be set) Calorimetric problems. 


Change of State : 


Latent heat (brief discussions of determination ) evaporation *and 
boiling. Effects of pressure on melting point and boiling ‘point, 


Vapour pressure, relative humidity. Dew, fog and cloud, Hygrometry, 
Regnault’s hygrometer. 


Mechanical equivalent of heat : 


Heat as a form of a energy, relation between the Calorie and the 
erg Determination of mechanical equivalent of heat (paddle method). 
First law of thermodynamics. 


Kinetic Theory of Gases : 


Evidence of molecular structure of matter and of random molecular 
motion. Brownian ^ movement ( qualitative description ) ^ Basic 
assumtions of the kinetic theory of ideal gases. Pressure of an 
ideal gas ( mention of the formula ) ; derivation not required. Concept 
of temperature from kinetic theory. Qualitative discussions of 
limitations of ideal gas laws. 


Transmission of Heat : 


Conduction of heat, simple demonstrations ; thermal conductivity. 
Practical applications of thermal conduction. Convection of heat, 
convection current. Radiation ; radiation as a form of energy. 


4. VIBRATION AND WAVES 
Vibrations : 
Oscillations and its characteristics, Simple harmonic motion, 


examples. Relation with. uniform circular motion. Graphical and 
mathematical representations. Energy in simple harmonic motion. 


[ viii ] 
Superposition of two simple harmonie motions in. the same direction 
(graphical) (i) in phase (ii) in opposite phases. 


Nature of vibrations ( transverse and longitudinal), 
vibrations, resonance, damped oscillations 
. With examples). 


Free and forced 
(qualitative ^ discussions 


Waves: 


Types of waves, characteristic features 
preliminary definitions and relations, Reflect 
waves. Supervision of waves, 
and air columns, ^ 


Interference, beats, Doppler effect, 
discussions). t 


Nature of Waves : 


of propagating ^ waves, 
ions. and refraction of 
stationary waves ; vibrations of strings 


polarization ^ ( qualitative 


(i) Sound waves as elastic ‘waves. Veloci 
formula (Newton's formula Y= / E/p 

(ii) Light as a wave phenomenon. Finite velocity of light. 
Interference of light. 


Polarization ( qualitative ideas ) Validity of 
geometrical optics as an approximation, 


ty of sound. Inplace's 
to be assumed). 
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ow 6211 "What “is "a d “Physics ‘deals with. those phenomena in in. 
the inanimate world where the UPS “ot “matier does n not “change. 
Chemistry dis essentially concerned with grenon ena, in ‘which, the. AYRE, a 


‘thw eibi oO 


does ehahge. ‘The’ distinction ‘does not however, alway ays h ae Primari] i 
als8, "We "tidy" regard ‘the stibject® matter of (pns cs as de $ wath 
transtormation of energy from. one ‘form DUET “another. ii however, 


inclüdes ‘chemistry in the scope of  pliysics 138 i 
Branches of poe Physics in wae is the study [9 
of iatter and energy.” Tt has several "máin ‘divisions. “Of these, Ne 
shall be aiióstly: cóncerned with, miechanics, properties of, matter, v ib 
tions and waves, ‘sound,’ heat, light, ‘magnetism, elecint city dnd. de 
physics: jk ; 
“In modern. physics we recognise d D NUN plici dialing "with atoms ; 
and nuclear physics, with atomic nucleus. ^ Théh there is the solia Mate physics on ' 
the basis of constituent atoms and molecules. A 'Sill- later ‘branch? i8. the! ‘plasma 
physics concerned with’ the: properties-'of. nentral mixtures’ of positive" and inegative ‘ions. 
It is;éxpected. to tellus of what )goes)on. inside-the stmjand the stafs and, how, do 
they manage to produce such huge quantities of energy. ~The. latest. branch in the " 
field is particle physics to search out, study and correlate, the. fondamental, particles, $ 
out of which such atomic blocs as the electron, proton “i e^ ate made T 


| Of all these mechanios is the. most fuidinektel for, it-enters, into, 


prachitslly all the branches of „physics. „In, fact. mechanics is. the. 
grammar, of Tp It deals with such ideas as motion, force, energy 


Offt i 01 


das. M "E ; cin A 
SPAA of matter. and, energy, above. What. are. they, ? “All the, obit 
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we see around, e.g. books, tables, houses, trees, sun, moon, stars are 
all called bodies. Matter is the) material(of Which all these bodies are 
made of. They can be perceived by our senses. Energy is that unseen 
agency which can bring about internal or external changes in matter. 
A piece of coal is matter, for it can be seen and touched. It can be 
crushed into’ powder (external change) by a hammer or can be burnt 
in, a fire. (internal change) into ashes ; the mechanical energy of the 
‘moving hammer and ,the ‘heat; energy of the fire have brought about 
‘these changes in matter. All natural phenomena are effects of the 
"action of energy on matter. These two are the only pair of entities we 
perceive in the universe around us. 


molw | v Oibinit 
. Matter is found to exhibit four properties—(1) It occupies some 
we pcr qs some volume (2) offers resistance to any force tending 
to displace it or to stop it when mo i „thus exhibiting, the. property of 
— @) can. transier, momentum e make Another, body, » change 
‘motion by colliding wi the, latter, and, H always attracts; another 
ET ci SiavdT i eaièydd 1o s9(oncid 


sare have noted that energy brings abou! changes in matter. Matter 


M. 2 


change in position, boiling off of Water change in condition or state, 
burning. of coal, change in type of matter... These changes arc brought 


«destruction: ^ They''ate'only -trarisformed -from “one form ‘to! another, ' 
either of matter’ or of energy.” When "coal" is Burit we “Obeid an 
equivalent amount of ashes and gases. , When electricity passes through 
a wire we obtain heat, in some cases light. The facts that neither 
mass ‘nor’ énetgy can “either be created Or destróyed; ‘are’“eontdined’ in 
‘the principles of 'Consérvation ‘Of nidis ‘and énergy, ^U lis vi 
Albert ‘Einstein (1879-1955) ‘postulated’ ‘that, just one éntity Yat is conserved, 
of which máttér and energy ate! Only to manifestations! One’ may bé "converted ‘into 
another. 'If'a quantity of mass (matter) m: disappeárs; it results iti the releasé) of! mc? 
quantity of energy (E); As:c; the speed: of light is avery large \quantity (=3x108 m/s), 
‘the amount: of- energy. So. released . is very, large—the. facts behind. the, cataclysmic 
explosive power of nuclear bombs or the almost unlimited energy of the sun and 
stats. The converse Conversion of energy into mass has also "been noticed Pdf “very 
short y-fays (obtained from tadio-activity) of ‘1102 Mey. energy is^made tg pass very 
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close, a9; eety;atortis; nuclens;;a: pat af election2hnd pifo ^is FANG 9.392 
pair production). „Recently sky; watchersyeliaves?discovereð i tiie 9 86: child B lade Fife 
far away. in ‘outer space from Which no, signal, appears; to come. TA 


ate “of opinion, “that these regions | Suck in an ny energy. passing b 
1 i bysso dust [like giant 
eddiés ih the” oceans and probably sonde ense _the swallowed-y 


followibig ‘the 'same Telation E— mee.” E d m jid s 
orto rit viiensb 
(13. Physics and Measurement : The te physics. 


ut 


bo 
ests’ ‘squarely on accurate" measurement ‘alone. Lord Ke elvin «edlared..., 


! but if. g 
DJA the. scope T^v ete ei 
ubject E of physics, pgb aii. á iiis patios 
The term’ physical ope ‘or ‘sim € quantity" i S used to mean . 
any thing that can be measured T wei ight, "volume, time, speed, 


temperature, density, electric "hd "field i vous are only a few 
you know, amongst innumerable — physical quantities. Laws or 
inciples of, physics can ;be usefully presentedasorelationsw between 
different. physical quantities.» For. their- ;undmbiguous: ápplication; they’. 
require .clearcut | definitions,.!-.According to: mahy.: definitions: have ‘to: 
[be operational i.e. so enunciated as pape — to tlie measures): 
meht of: the relevant quantity. ol sno |» xg Imo Kagh f 
From. such definitions-we;;derive: after cient aia koaia iu 
Jretical;.or ;experimental;:a. physical quantity made «up: ofa number'! 
withia units, e.g. velocity. (d:ratio-of:displacement to; time) in'cm/s-or«o« 
[momentum (mass velocity) ing. cm/s etc. -Aymeasurement, siggnbesgra to 
gg thus two,things,.a number ant: a-unit; Mere, mention-of.a number js... 
meaningless ; the unit must be stated. x» om Lx Lor Dx ots 
What is a. unit? | To measure any quantity we pnis it vith, 
quantity of the same kind, agreed upon by convention, which. YS. S88 
a unit. ,As for example, if. we find that to measure the length. of. a, 
| bench we have to lay a meter-stick, thrice. successively, alongside, it, we íi 
| conclude that the bench is three meters long. Hence a 


Physical quantity — Numerical. value, x unit 


Ie ar 


0.t121ev8. Inmolian 
^ „0-1.4. Fundamental Quantities and their, Units ; Sometimes à 


! straightforward operational definitions ‘cannot » be provided ‘for ‘some 
| quantities. The quantity of matter in a body is ‘its “mass” or” 


j 
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degree. of hotness, of a, body, is.its. temperature, ate such: unsatisfactory 
definitions....Such are said to-be'fundamental indefiriables. In mecha. ` 
nics» we have: three such, naniely* mass, length and’ time as ,you already 
knows AIN quarítities in mechanics « „San, be defined. in terms. of these 
thréé.” For “example ” area — length x breadth, volume= Area x height, 
density--mass/ volume, x E dis ance/time, sforcezs ass x length / 
(iie sch ^ ‘units are call led deriv ved. units 8$. against, fundamenta] 
uniis 6f Masi” ‘ength, él Ti cerca. dis; somewhat artificial, », 
for derived! ad one perpe à y be th jj fundamental unit in another syay 


rioinutt 


eds VAN NO NN SPP deest a 
often f damenta! „units EL ment al units in, all, Systems. à 


of p üretien ts "are, cho: sen ar ii E t A ever, is necessary ;. 
2 51 Wad S VER 25 BE 
is that | fhéy must’ be "Intetnationally DES accepted. b desirable. character... 


istics, that a i ien unit o and f measure, a, physical 
cull itd Haye eee ie T 


b55 KI $ Start vombloy AE [t 
wot s vloo FIB vo üt AH Xducible and... ALLE TOO 
; terpationglly accepted. 


10 2w&l oin -— (i) ang T 5 SUN 

no Absolute {or'-coherént):umits of a°systein £6. Dérived! Units: of à ^ 
system which involve the fundamental units ofthe systera-ónly in unit) ^ 
measure;-dre:knowin'as, absolute units: (or ‘coherentiunits).) The abso ^ 
lute» units of) work! nny -the!s:egs! ‘system! orisro lee erg, ‘which cis 9i 
1 dynx1 cm=1 gx1 cm/s?X1 cm. In thé'erg;»all:the' fundamental: 
units: decurin“unit’ measure.’ Thè: joule (symbol: J), Wiich*is’ equal to 
10" ergs; ‘is not) am absolute unitvin the'cgs systeri; as ita involves a 
measure::10*:: Itris) the practical) unit of work) in the cgs system, ‘the 
erg being’ too'small "a work for practical-'uée: ^ In’ the MRs ' system, 
however, the joule'comes' out to be an: pm unis ‘as a joule=1 í 
newtonX 1 metre=1 kgX1 m/s*x 1m» sd iw 


if in a numerical problem” you find that ' the gllantities are in 
different systems of units, or are not in absolüte units of the same 
system, convert all of them to absolut? nits of the" same system before 
you apply any formula to calculate the’ résult. 


0-1.5. SI Units (Systembme International d'Ünite 8) or Pu Inter- 
national System of Units: ‘For the Goherent* Systeri Based on tbe six 


MÀ; 
WA coherent system of units ig à "Systeti based On aei SU Gf “baste unite! 


from which ‘all! ‘derived’ units" dre ‘obtained 'eyohüttipticatior: 
x à ‘or! et lwithopt 'intro- 
ducing any numerical factors, fii. TORBI 0. vine 


À M 


SRT iins og 


4SUNITSSAND: DIMENSIONS wa 
(f d^ ) todulovest dons 
1 nol zeni TOT 


pjibasicrunitso? siir hebsorimooe | yen ved T. 


on Name tonii co Sgiibdl 1° |" Ne Spent 

ssl J ts bns oiuderig 2rigüqeoguis ism IOR 19bnp SDI sb 
l metre ^p "T P^ 
> kilogram"? 7j 


second 
X f  nuz adi ) 
{cthélname driternational' System “oF Unils has ‘been Rubi by the 
1: General Confefence- or: Weights/and ‘Measures in 1960. The units of 
this system are called SI units. They have been accepted by all im- 
portant: interfational bodies as the ony" A i fe use iif bas vig ven 
i measurements. : : x y 


"Tn developing any system of units, certain ‘quantities are ‘taken, as 
Te AAa (or Basic). A” very " well defined” amount ‘of „each such 
‘quantity’ is taken’ as a fundamental unit. In the International System 
of Units, the fundamental quantities are (1) length. (2) mass G) time 
b(4)-electric: current! (5) temperature and (6) luminous intensity, as has 
already béër”listed. Supplementary units to ‘be used ' with these | are 
'G):Radians for angles (ii) Steradians for ‘sod angles and (iii) the E n 
for aniountsof Substances. sanil dollen. Mode qii wia 


The? TnitetHational System. defines the. “units of these udis as 
accürately ‘a8 present day technology. permits. and. you will. presently 
“marvel “at the precision achieved. "ot. these, you are “already familiar 
with the mettr, ‘thé ‘Kilogramme and ‘the Second, the trio of. MKS units. 
"Phe! ‘ST Units are “only their refined modifications. bene 

0-1.6. The MKS system of units: This was, the first. scientific 
System for mechanical units and initiated, by a committee, under . Charles 
Borda, “appointed by the Republic of France, immediately . after. the 


*-Of late, the aise -of the ‘degree sign’ (*) On’ thé'ábsoluté Seale: has ein: dropped. 
So. we write, 273K, instead of 273°K, But this method. of you h has -not, yet, become 
universal. ° diis aaneila 

t You may be interested to learn that West Germany passed a ‘lew in. 1970 to the 
effect | that! ‘from’ 1st! "JaWudry, 1978, “ST “units be used ‘there for all domestic 
purposes; Of late, the- India? Government Have instructed that clinical (doctors) 
.thermometersyshould be, graduated in, celsius, degrees, instead of pin vfahrenheit! degrees, 
as at present. As this comes into effect, a fever of temperature 104°F reads 40°C on 


our thermometer and 313K on a Nest; German , thermometer. iain pee eid T * 
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French Revolution (1789). They had recommended the following units 
for mass, length and time— - : f 
| (i) Kilogramme—The mass of water, contained -in aicube of one 
decimeter side under normal atmospheric pressure and at 3.8°C (the 
temperature of maximum density of water). inge o 
| (ii) Metre—One tén-millionth part’ of the longitudinal distance 
through Paris from the pole to the equator. bacos 
| (iii) " Second —The average time taken by the sun (measured 
,,hroughout a year) for two, successive. transits, across - the meridional 
,,Plane at any place is the mean solar day,’ w A second is. 86400th part 
Bishi GT ROR UM "t 
Aa cuim these.a permanent form, :two;standards 'of units of! mass 
and length were prepared (1885). For the unit of massra cylinder*of 
same height and diameter (2539, mm). of. an alloy.*..of 90%. Pt. and 


] syed vodT. ajimu Je i 


“10% ge Prepared. ts mass... was., accepted. „as the \ International 


dau dags 


sree Ype kilogramme, at, the, 1889, International, Science Congress at 
Lids san (2 i 


FS i (D sis esineup Isinontsbn ory 

orl en The Internati il Prototype Meter vas also prepared and. accepted 

_ Simultaneously, . It is a bar of same material with a cross-section in the 
form of an X placed horizontally. on. a. pair. of. rollers, 0.571 m apart. 
Three very fine, short, parallel lines are etched near its.two: ends; “The 
distance at 0°C between the central lines was taken to. be. one. meter. 

Su ME two standards are housed in. the International Bureau. of 
"Standards maintained at Sevres,.a suburb of Paris... Their, prototypes 
“ate! Prepared and distributed from, there. to; National. Laboratories 

throughout the world, against Which meter scales and. kg-weights are 
prepared. ig Sb ps ay bah iy i 

© “oR inet experiments later, have revealed that the international kg- 


“weighs '0/28 g more than’ intetided the? Mieter is 0.23 mm shorter than 
IO | D5JITHOC BLD'IOXS 


the’ intended! "Herve the standard meter and kilogramme as accepted 
internationally, have, become. arbitrary and. so-more-liable to utter loss 
"in the modern! days of total War!” Pürthér, the ba is found to, slightly 
go aage wito tinio. o Yt N Barthel on isori bd. qvam pif 

s, Tà eliminate these uncertainties the meter, was measured in terms of 
an. unvarying length,, that, of, the ;wave.,of> a; monochromatic radiation. 
«Now the'meter:in’ S.L systemris taken to! be equal to 1650 763.73 WaVe- 


no "O ebes: FTN 


* This alloy is remarkably ‘sable’ in “Constitution,” ^ PEE boe mene sue 
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nancies vacuum: of d eoo ofangs- ps ug OR ul 


me 


countitig the repeatitions. An’ oscillating pendulum, a -wound-up Ets 
the diurnal (daily) spin of the ‘earth, atomic vibrations . inside a quartz 

/"erystal,'any one may measure time. “Second, the unit of time had 
originally been defined in terms of the spin of the earth. It was 
1/86 400th part of the mean solar day. Time referred to the spin of the 
earth is called universal time (UT), This definition was valid till 1960. 
It was by that time found out, that ‘the mean solar. days;is) not a 
constant but varies by about 2 parts in 10° and that. too, irregularly. * 
So that year (1960) it was decided that the. mean ,solar, second) would 
be defined with respect to the time taken by, the sun for. its successive 
‘crossings of the vernal equinox position in the sky i in the year 1900.A-D: 
1/31°556 925.9747th part of that year came to be taken, as one, second. 
It is referred to as ephemeris time ET., 

Yet later in 1967, the second was redefined as. s the. ine inier al 
Occupied by 9 192 631.770 cycles of a “specified energy ‘change in the 
caesium atom Of mass number 133, in the SI s system. 

1 None’ éxpects you to remember the number of wavelengths in a 
meter or the fraction of the year 1900, nor the number of cycles in a 
sécond. "These figures are quoted, only to show you as previously 
promised, the almost unbelievable precision which modern technology 
has achieved ín the field of measurements. The above list. represents 
the mechanical units of mass, length and time in SI. units. rg MKS. 
systems. 

Other SI units: They. relate to. units of electric current, tempera-- 
ture’ "and luminous intensity, those that cannot. be , satisfactorily 
formulated from the mechanical units. "Later i in appropriate contexts, 
discussions on them would be provided. Here we only“ notice the 
definitions of units, hine kelvin and candela. i 

^ ‘Ampere (A)'"is that Steady electric current “which, flowing a, nie 
a pair of parallel’ and infihitely long conductors of "negligible circular 
areas of’ ctdss-section, placed" in vacuum, “produce , "between. „them, a 
repulsive force of 2x10" newtons per ‘meter length. 


Fae MERIT a dinti wo 
“* The earth was found to spin faster in "1969 and slower in 1973, both times 
quite abruptly. 
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Degree Kelvin (introduced since, 1954), is. 1/273.16th part ofthe 


triple point ‘temperature of pure.water under, normal atmospheric — 


pressure. Triple point is the temperature at which all; ithe: states? of 


aggregation coexist. It is denoted by K and not by °K, .In«modern 


usage K” représénts not a temperature but a temp. difference; 
~ | Candela is the luminous intensity, in the perpendicular direction, of 
` & surface 1/600 000 square meter of a black body at the freezing. point 


Of platinum under normal atmospheric pressure, (101 325, N m)... 


I 
X Yrs f 


Thusiivé have = Bia 
In the MKS system as also in the SI units e 
'' Unit of force=1 newton (symbol N)=1 kg X1 m/s'— 10: dyn. 
Unit of work=1 joule (symbol 7) — 1 NX I^m— 10" erg. 
Unit of power=1 watt (symbol W-—1J /1s)=10" erg/s.. 
To give you enough acquaintance with these quantities we have 
‘freely used them. "All derived ‘units of the MKS system are Sl-units. 
We have mentioned above that the SI system includes supplemen- 
tary units of plane angles and solid angles, the radian and steradian. 
ji Unit for angle. For use in scientific measurements, the unit. for 
~ plane angle is the radian (symbol, rad). A. radian, is. the. angle 
A. ,, ,Subtended at the centre of a circle by an 
OY GA ji .'arc qual, in length, to the radius... To 
(hae sero) is express, an angle in radian. measure, also 
5 Known, a$. circular. measure, pWe may 
,,,, describe an arc, of a circle with. the vertex 
of the angle as centre. , The. length, of 
the arc limited by the angle diyided „by 
, the radius (i.e, arc. AB, ; radius OA) 
CUIU. , (fig. 0-L1) is the value. of the angle in 
radians, as you must have learnt in trigonometry. Thus. 
Big eee, cn nnne 
N This measure is satisfactory for all. systems of units ; for, an angle 
“in radian measure is a ratio. of two. lengths. and hence .is a. pure 
„number. A pure number does not depend for its value. on any system 
"of units. So an angle in radians has, the same, value in all systems. 
“cow, sng Ent of are=radius x angle. subtended by are im radians. 
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or s=ré@. i BoA 6.1 


Fig, 0-1... 
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stiassThe (ratio: of the: circumference?10f a: circle! to: its»idiameter is) a 
constant. It sisi répresented:cby. the) Greek» letters x. The: total: angle 
. around a. point. is.2z radians. .(.2—3.1416....).... Hence. 22. rad —360* 
or 1 rad 360" /2 =57° 1745725137. 2909 
The unit for solid angle is the steradian (symbol, sr). So id angle 
is measured as for a plane angle to make it a pure number. Jt is the 
ratio of am area (A) and:the square of its distance (from the point 
where thé'àngle is sóught. ^Note| that a planë angle is a ratio“of two 
lengths while the solid angle, is the ratio of, an area and (length)? and 
hence both are dimensionless pure numbers. g19 
A siéradian is measured by the*fatio’of an area of 7 cion the 
Surface of a sphere of radius r and square of ‘the radius or by the 
unit área oli the Surface ‘of @ sphere of wnit’radius. The 'éircümference 
-of-a circle; we have seen, subtends an angle--of-2-«- radians at-its 
centre while the solid) angle. subtended at ithe centre of; a. sphere; is 
4x radians. ) (C^ OL)" nass 
i í i (noty. alien 
CGS) System: Till) 1954, this. mechanical system was in | use, throughout. the 
scientific world. They are) intimately related too, for the cgs wasyactually derived 
from, therMKS units. All -of you are familiar, with them. The system is slowly 
falling outy of use| everywhere. and).being replaced ‘by the MKS system which ; is 
identical with SI units so far as mechanical indefinables are concerned. The. upits 
in the cgs system are very small and so!an extra set of practical units are necessary. 
pnt Hottie case -witi the MER G2 ener E TE IRSE 


«o FPS:- Systein : »/The British . system of mechanical... units. footsfor Mength pound 
for mass and second. for time were valid in days gone by. throughout the British 
Empire and ‘the United States.’ They are still in’ use “Only for ‘engineering’ purpose 
in) out” douhtry "and? U.S.A. “but no longer fory séléntific:! purposes. ^t; has been 
1: discarded! in India in, 1957. ;Howéyer irt Britain; nowadays gj Slug.is tbe unit; of mass 
and. pound the unit of, weight, which generates an, acceleration. of 32 ft./s? on a slug. 


The following relations» interconnect the three 'systemss50:5: 


"We 401 lodmve lsnottemeiaicedt 


2a1v230:48 cmi 103048 m^! remoti 
A dioe ndon 
(AQod| eui jti 
d)8 ‘eof AW. . doifai void 43 gia, sree Cy qot? 


"T'foot ^ 
lb (or slug) = 453.6 g ie =" 0/4336" Ke n 
t def Algi "ne 


tni fon 


* ud mo 9 fon 

01.7. International unit-symbols : la writing and, using, symbols 
ofcunits of. physical quantities, we shall follow, the present international 
recommendations. Some of the symbols and prefixes are given;below 


"The symbols are always printed in yroman (upright) types. The symbol . 


E 
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5 Of aounit;| derived; from: a: proper: name;; should: start: with «à Icapital 
5froman:letter: (such. as N° fot newton), J. for: joule;;Hz for hertz)i: 
OOF Ber eC ausa! (^ arniran s dion f 


7 1 LAFTITILITY 
!nioq centimetres) |-55. eg 
ow; (STAM. . s} 


brg «Second 

Df ‘dyne’’ nex ) 
erg I ! 

i ,«hertz i Hz, or; eps. ya hertz, 


9HI Nd 10 21D OM) To STRDPZ ONB * eub 
sonsis Prefixes -toj indicate decimal fractions 


“dei qe xy ! 
centi (—10 7?), 


‘the unii) represent 


j a8 algebraical. quantities, 
and” not as’ abbreviations; "They "should not be used in “the: plural 
"forin:" So, do not write 100 cms ; "write" itas "100 Cm. This is the 


is ‘g’, not. ‘gm’. For the 

Kilogram, it is,.‘kg?, not ‘kgm, The ..symbo] for the second is ‘s’, 
not ‘sep’, All symbols, are. printed in, Roman characters as we do 
in this /book) and not in italics, - No symbol shall be followed by a 
stop (1) as a sign of abbreviation. Write ‘g’, ‘cm’, ‘ke’, etc. and 
Rot ‘g, ‘cm.’, Eg DIN SUA TIT tmi ne 
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‘nA’ velocity Of 2 tüetr$ per Second ds atte d as 3 2 mls or 2 uet 


^à à sarai $ 50 bntinietts per second pe laa 2: oe ttem a 
©°50'cm/s* or 5 ém' gs adeps 


3 Ig MBS 


“Tn this book We ‘shail follów the international. ‘recommendations 
n Remetiber thata ‘physical quantity consists of a marean a 
Uhit together! The unit-symbol is an essen tial part of it and be aves 
like a proper algebraic quantity. Symbols Nn units Ue or  ulriply 
like algebraical quantities., For example, 25 g cm $=*~ 5 gł Sei s-?. 
You will get further examples in the penes cad MOS in the 
book. Keep a watch. . m gin [A] ertob* ytitteup 
0-1.9. Dimensions of Physical Quantities :...In. ud are 
concerned "with the measurement of. ‘quantities’, Which , ,we...call 
physical quantities. Physical quantities , met with. in | mechanics 
“can all be expressed . ‘in. terms of .. three selected. ..quantities,... We 
generally select length IL), mass [M] and time, I7], for „the purpose 
and^call ther thé fundamental quantities, , Engineers use Jength, force 
and time’as’ fundamental quantities. 3 
‘Quantities mét with “in mechanics can be! theasured in 'Lerns 
of units derived \from the units) of; the fundamental quantities. 
Such units are called derived units. Take, for example, the area 
of a’ plane figure...) Area i$ a^physical quantity of'à rature different 
from that of length. If we liked we could measure area in terms 
of the! area of a, selected rectangle,» which) for^'permánencé; might 
be made of platinum. or gold. It is, however, , convenient to make 
use of the unit of length ‘in defining the ‘unit of area. In. fact, 
the ‘unit ‘of area is taken as the area ot a square . having . sides „of 
ünit length. A tectangle of sides 2 cm by 3 cm. ‘has „an. _of 
2 cm x3 cm=6 sa; cm (or 6 cm’). „The Physical, quantity ‘area’ is 
“said io have | two. dimensions , ‘in’ , IeSpect.... of- the. fundamental 
quantity ‘length’, as ‘length? occurs twice inthe calculation of ‘area’. 
This is expressed symbolically by writing, [4] = ILE, where. the symbol 
[A] ‘represents’ the physical quantity. ‘area’, and "ILI stands for the 
physical ‘quantity: ‘length’, "without any, references! itovany2 particular ‘area 


* In (spite of! (all ‘that! has bech ‘said 'aboye;! you! nity \Stilb'find (in Swany peck 
and question papers the symbols  written\ \watiously| as ems, ‘kgni.’,j{jem.’; , “ems.’, 
‘ft.’, ‘sec.’, etc. Though in the main text we shall follow , the Mine ipod 
Sxéébrfimended Way "of writing, we shall leave the" questionis ' various 
ySourges just a$cwe;found them. 'So| you. mayvnot;Be at: lóss "when; you see; them. 
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„or length, or the „units in which these. might. be expressed:. Similarly, | 

' the quantity ‘volume’ "is involves length. thrice and,is.said.to have 
‘three dimensions in : respect ‘of length, or in symbols, [V] — [ L.]*... These 
examples show that by, the term dimensions’. 19f@ Physical; quantity is 

; , meant the” powers 1o. which the fundamental. quantities. must, be raised 
‘in: order to specify i that , quantity. . | imet, areyalways..calculated 
“front the “etinition c of the quantity. . ; 


4x talk jg mass + ^ Thetbtore; the discit ur the in. 


Ml qi smoldo:ig yo h5zYow odd ni gale 


"Audite ‘density’ [D] are [M]. or, LAYE- Y In ‘words i 


' 1 
ip oigidogla 1Toqo1q & 


[LL]? 
"we ray say ‘that’ the dimensions of ‘density £ are one in mass emi minus 
three “in length. - The rectangular brackets are used to imply dimen- 
"Sióhs aind in case there is no confusion, they may be dispensed with. 
` Thus if o represents density ` we may write [| 7 ML-*. 


TR If a person walks 4 miles. in one our. We say. that his speed is 


^4 miles per hour. The physical. quantity ‘speed? is;expressed..in terms 
_ of the. fundamental quantities length". and. ‘time’, eS pen speed is 


SX L 
mE the dipetik. of "US dent [7 ] -— go 
£518 alor "» 9361 in! Lila 
deerat ion is the rate of change of} ee ps ea -——: ; 
$ni15) A (5. Siyesem bi ow bodil sw 3l ye d meo 


in Hilos: its Pei equation if al nal ure Hy i 


-blog 10- mürpttsIg- to sbermi^ éd 


velocity. Hence the dimensional equation of momentum 
lation. APT | omentum] 

MT UT 3] - [MLT- ve pes 
orce P on a body s iven by th rodut ‘Of i mass. ' is - 
Pius "We 'have P=ma, w ence "thea filia di ó p rn 3 
We Peru “tna Jaime] mrapa sim n ADR 
e Pretsure is defined as thè force p per unit area “and. its. dimensional 


une is: given by.{p]= iej l ee Je Mp 9] Pasion 


3 Werk.or energy is. the. product. of force Mata qitod 
MUCH Xu [bep MpAms 210: 


The sp ot; homogeneity ; On" the... basis of the. aboye 
s neis cds ed that the-symbol (BY, (D4, oresimply T^ merely 
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jodam odi 18 id 
represents? the’ physical. ‘quan ia tity 4 ‘area’ pad eria ilii c «to M 
value of any particular area, or the unit in which a value . ANE P 
expressed// [ER [E Or ps similarly o feprésents | *volu 
ML: d fdensity’! ow) f ig of mwomM f pP viuagp] 

We know thát'àquaütitf cám only be. dua ted “to 3 to the. same, m 
quantity, i.e., a ‘length’ to a ‘length’, an ‘area’ to an ‘area’, , a ‘speed’ 
to a ‘speed’. ;But-a ‘lengthicannot bë equated 6" Votuhie tf a ‘speed’ 
to a .‘mass’.|; Sincey;any «quantity foal gived “kita Hag" oed sel 1 
of dimensions,| the .dimensions;:óf :al-terms"óW thé (to sides Of àn ^ 
equation must be identical. Otherwise the equation will be invalid. " 
This assertion of the equality of dimensionssinetlie terms of an equation 
is called the principle of homogeneity. This useful; principle may berw 
applied to check the correctness of an equation. 

The method of dimensions has three’ sirhple de; "hiihely; (i) to 
find the value of a quantity, when,,its) unitsoareschangdd ;from tóhe 
system to another, (ii) to derive relations between physical quantities 
when they are simply related, (iii) to test the, , correctness , of an 
equation.) 

(à) »Changeiof se A pe dics or tHe! ded dtu i. 
is concerned with’ trie 'cHange' “OF thé "nurfericál value ie ot 4, quan My 
when! the! unit i$ “changed "The “huitieri¢al "Value" of a a = 
‘inversely as the value of the unit in terms dr d it is ested 
This is true also for derived units... The method) of; changing units 
with the help of. dimensions ; is. shown) below. giste bodotone:s 30 (0,607 


Example: A substance has a density of 0.5 when‘the gram and ‘the mer 
are units of mass and length respectively. Find the density when the pound and 
the foot are taken as units. 


NIU Laing 

Solution: We know, density Na the dimensions ML. 

. The value in terms of the-gram’ and thet Sah Biliekre may be written as 
05 g cm~’. : : , 
In the proposed units let the value be x ib wt ve 
Then;0:5 g cm^*-x lb ft? M Use 
5 ft 3048)* 
2m OF m cm? a a quee in, asl inus 368, 22a th 1 

. The required density =31°21 Ib ft-* 


L Note again that the units of mass and E -are treated as algebraic 
quantities. ]' 


' 


The above example of conversion of units i$ 80 vemys simple" one 
and can be solved in other ways. In more complicated cases, it will 


i enore AIRO RYGTER YAY 


be pu that the method of iar d Proves very helpful. in, losa 2: 
ing»ireadings ‘from’ "oe systém "of units into [o ther. sey fin to a 


x m ye + Ww S d "TO HSV 
“Gi” Deriving ‘relations| between. physical - quantities) When sa 
hysical m is known to depend simply on two or. or three: others, 
p 


ng -igea 


write; f j Up Set Wir na 
MNIRGODI. ms 1o t= ki*mygs tfomib lo viisut di ' 
where kis a constant without ‘dimetision! ^ ’ ate 
HDS ng lo ry IO2. 9/1) oon 0. 


orf ito Hl I Lae [LT- UE esi g amib 3o. borlism. of’ 

Bunting ‘the: pówers:of;E;: "7M: arid ^ we io 8 " sulgv 9 I 

yo eye and i19 z^ 91 (1) 19 ! l 

22903997 zh ea 0] ey bsigle1 viqrmmie 53 301. fi» 
oP tuse p or d, Sig SU ORA 

Lus is, the. required relation. .. As. yx0.. ; thess periods does mot 

depend on the mass of th le. bob, The constant k has; to;be; determined, . 

experimentally or, where Possible, by. mathematical analysis. Tithe, 


case we have found ka. atmo) ai tiny oi) lo ouly sd; as vlómivni 


aO) Frequencyof! 4 Sirétchéd string! pap the fréquétiy ° Of vibra- ” 
tion (f) of a stretched string dépetid''Bi is: - E d length. 1, ‘and 
the Wess force Eas We... May then: write, wir A cofqrapyy 

" MOS HY movi Gienia aes a S^ Martel bun geam Yo 2) S 3 


1 WORA SW — : nonuto? 


srttws sd when m pace P e 0 ?tu1 kai Suis Tsë 


7 Ws lj be 9 I 
Sak, /F ci 
Weg) doe. i “E92 
if w=mass per unit length of the string m = ul, and ag 
3 E -- (0-1,9:2a) 
* hasva`value of 3k AisvNonoiersyiro> Yo 5 1 ods 
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(3) the yelogity,v, of a;gompression waye in, a, gas, depends, on 
the pressure p and density 2, gfidthe medium., To,,find the relation 


‘between these quantities. exp 
eTMU 30 3j8AT 
In this case. voc p*p¥ BREUI NHPEC RUF RIRRIM WIE cin 
The dimensions of velocity, pressure and density are respec- 
tively [£T-*], [ML-*T-*] and [ML-?] Hence we obtain the 
dimensional equation [rnb ce ES 


UT] = [MEAT EME e (Men nepos CIS 


252 O29 1 ymi T 
Equating the powers of (Z) [M] and [T] on the two sides, 


katiy 


we get $1 


X430] xa syd 1, "end lAx-—ÀA| o tM | 


x=} Sincext y -0, y= x}. ea | 


LESS Y 2 cz 1 
SU tallo Nia t nd (0-1.9:3) 
Ia f £-T (9nd Ww 


;; Here-k/has a value of. iv) ees Malla, 5, sv pl a Venda 


Limitations of the method : The method of dimensional analysis 
is subject to the following limitations: (i) If any physical qüattity 
depends upon four or more other physical quantities, we fail to find - 
the relationship between them forithesfollowing reason. In the method 
of solving a, physical problem by the help of dimensions we obtain 
three-equations depending on:the powers: of- [E], [M] ‘and, (Tj. And 
from three equations we.cannót determine four or móré unknoy 
quantities. t g dn otéleno i iq é1adj inom of 


ie (i), Two quantities 'may ‘Have the saie dimensions, But differ in 
nature. For example, consider energy and the moment of a force... 
The moment of a force is given by the product. of the force and its. 
distance" from ^a "point or'axis; -Its- dimensions) «therefore; are 
[MLT-*)x [L]  [ML?T-*]... These are also. the. dimensions of work ° 
or energy. Though the dimensions, are the: same, it cannot be. 
claimed. that. energy and. the moment of .a, force are quanties, of the 
same kind.' This discrepancy is ‘explained by’ the» fact: that» while... 
energy is a scalar; the moment of a force, is a vector. 
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^^ (ity “Tt cantiot tike” Hufe "hüthibers into Consideration. ` 
“We conclude with a‘stimmary table of unite: ^^ 9 ow 


20isasup sec} nos» 


TABLE OF UNITS 


"Q9G207 918. 


Quanti sido sjy 

Fundamental 

Length "V iretre), | 1 T 
Mass kilogram kg 
Time second s 
Abi owl. sil voq əd? àAnisup8H 

Derived 

Area A mà / 
Volume m. m$ 
Density UT ae 0 kg/m? 
Velocity "TE m/s 
Momentum a kg cm/s 
Acceleration ESA) m/s? 
Force newton N : 

$4 (xkg m/s?) 
essre) (pasa “N/m? 

Work, Energy joule J(=N m) 
Power it RRG J/s 
Surface tension N/m(=J/m2) 
Viscosity = ., kg/m[s 
Ms Bü Is noie ah Jo enpitalirn.] 


ollot sit [os 5898s. 
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and T E ‘derived uni Y [2 [Nip ;those';inamed;: “aed v ying system 2 
nt. 23 erent of units? Tllustrate . o exam les. 
i is id Wo. pito Pernt d fad mof whiting unit’ Tae: * 


Y Illustrate the pent that a eua quantity ae of a numerical, value 
and a unit. goes it. 
» 5... What, hysics | em! ad 
6. Give ~ vo" tpi to Sow ow din Viu isi ar eid ag MN 
ques 8 lo a5imor bi se tabirna " 


What Pet the. di ensio s o sical quan tit eu Calcula the à 
FRIN oP ibe at in pres ms of ams ; y anh 


Aj What is- co ;by; the; principle; of omogenei 2j What dede we make 
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fo ‘the medium) Pind. hOWsy depends’on Pandpienib «d (Ams. t v= kN DT ja 
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CHAPTER 0-2 
*ELEMENTARY CALCULUS 


0-2.1. Introduction | 

In physics, in mathematics, not to speak of even in our daily life, 
we often come across continuously changing quantities—the most 
personal example, your own age. A little scrutiny would reveal in 
every case, a pair of changing quantities—one. changing along with 
the other. 

As examples we may cite the cases of the weight of a normal 
healthy baby which depends on his age, the solar heat on a clear 
summer morning on the hour, the distance covered by a moving car 
on its speed, heat developed in a conductor on the current it carries, 
the heat radiated, by a hot source on its temperature, the area of a 
circle on its radius, the volume of a cube on its side—the list is 
endless. 

Note that in each case, the preceding depends on the one 
following. These two quantities that are changing, are called 
variables. In each of the above pair cited, the first is the dependent 
variable the second, the independent one ; for only when the second 
one changes, the first is found to do so. The dependent variable, say 
y, is said to be a function of the independent variaWle x, the relation 
between them being expressed as y=f(x). The expression just means 
that y depends on x. ` 

Instances where one quantity depends for its value on two other 
varying quantities are also many; \as for example, the area of a 
rectangle depends on its length and breadth, the volume ofa cone on 
its height and base-diameter, the. distance covered ‘by a moving. car 
on its speed and time taken, power of an agent on the applied force 
and velocity generated. The general functional relation in such cases 
can be expressed as t 

z= f(x, y) j 
where z is the dependent and x, y independent variables. g 

Very often we need to know the rate of change of the dependent 
variable with respect to that of the independent variable... When both 
these changes are very, very small the process of finding this rate 
(or ratio of the changes) is said tobe differentiation and the rate, 

* The subject-matter of this chapter rightfully” belongs to the Second paper of 
Maths you are going to study. Here we are presenting it in a brief and peres i 


to show you that simple differentiation and integration processes are. actually 
You may ignore this chapter if you. so desire. / f ] BiU, oton 
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the differential co-efficient. Let us take an example : the circumference | 
of a circle C—2zr where r is its radius. Differentiation aims at finding 
how the circumference increases with increase of radius ; let the former 
increase by ôC when the latter expands by ér where both ôC and ôr 
are small but finite changes ; let both these quantities decrease con- 
tinuously till they become vanishingly small; then (C =dC and ôr = dr 
and. the ratio dC/dr is said to be the differential co-efficient. Let us 
find it; we have 

C-2nmr or C+dC=2x(r+dr) or dC =2n.dp 

aC ear 
dr 

In this way we shall proceed to find very simply a number of neces- 
Sary differential co-efficients. In fact Newton invented infinitesimal (i.e. g 
differential calculus in his quest for finding accurately the rate of | 
change of motion with time—a basic problem in mechanics. The 
reverse process, of adding up vanishingly small quantities to build up 
a finite quantity (as adding up innumerable dry to arrive at C, the cir- 
cumference) is the twin branch of calculus—the process of integration. 
In both the methods of differentiation and integration a clear concept 
of small quantities of different orders is imperative. We proceed to 
do so in the next article. 


0-2.2. Quantities of Different orders of Smallness : 
Quantities are. not small: or large by themselves but are regarded 


note must be a quantity of second order of smallness. So we find 
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that as a small quantity. diminishes progressively; its higher (powers 
becomes progressively vanishing and hence negligible. But you must 
remember that a small quantity multiplied by a large one {ce s a few 
hundred times one paise) may not remain so. 

Let us have a square of side 10 m (Fig. 0-2.1a) ; let each of sides 
be increased by.1 m when the area increases from 100 m? to 121 m° 


(dx)? 


te 
Fig. 0-2.1 


(10°+2.10.1+1%). In fig. 0-2.1.1(b) the increase is depicted ; two rect- 
angles (upper and lower) and one small square (upper right) have been 
added to the original square. Let us next increase the side by 1 cm 
only ; observe that how very small the added square has become. 
0-23. Differential co-efficients of some Algebraic functions : 

(1) Let y=x ; let x be increased by ôx when the increase in y 
is èy. Then y-Fy-x-F&x or dy=(y+dy)—y=(x+5x)—x= 9x. 
If we now ‘consider 8x to become very very small i.e. it tends to 
its limiting value very close to zero, then we write 


Lt Bai. pex (0-2.3.1) 


(2 Let y=x?; then y+dp=(x+8x)2 =x? 4.2x,8%-+(8x)?, If 
we now make 5x very small, its square (8x)* become a quantity of 
second order of smallness and hence negligible. 

So sy=(x+5x)?—y=x2+2x.3x+(8x)? — x? =2x.8x 

D aud? ue DEO (0-2.3.2) 

5x0 9X, 

(3) Lety =x] then y+ = (x03)? x2 3x7 (8x) + 3x(93)* 
+(8x)*. Again for very small values of àx, ey and dienes 
negligible, | 


So éy=(x+8x)* —x* - 3x*.8x ; ; (0.2.3.3) 
Lo y ee ; (0-2,.3) 
axo0 9x- dx 
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(4) Let y=x*; then y+ 8y = (x +8x)* = (x - 8x) (x+ 8x)? 
= [x* + 2x.5x+(dx)*]? 
vx T 2x.8x + (2x)?]3 2 x4 + 4x? esx tH 6x? (5x)? J- 4x9. (3x)? + (dx)4 
i As before, neglecting higher powers of (3x) we obtain 


8y = (x Fox)" — x* = 4x9; 3x 


dy tI Nau (0-2.3.4) 
* x0 6x | 


(5) Let y- x5, | 
Then y+ôy=(x+ ôx)" = (x àx)* (x+ èx)? 
=x" + 5x*àx 4- 10x8 (2x)? + 10x° (8x)? + $x(àx)* +(x)" 
Again neglecting the higher powers of èx when it becomes 
very small itself, we get as above 


; Yi, 9 m5yt 7 (0-2.3.5) 
f * “sx>0 8x 


Let us tabulate the results obtained so far and we get 


was 


From the table we may lay down the procedure foridifferen- 
tiating simple algebraical functions as : 


(i) Bring down the power in front of the quantity and 
(ii) Reduce the existing power by 1. x 
diailüsti 55st 
That is generalising, if we haye y=x" 
cor aud : 
then d mue. (0-2.3.6) 
( 0-2.4. Differential ‘Co-efficients of Algebraic functions with 
constants : re Py : 1 


Constants may be associated with 
(Ways— ) 
¥ * . n { 
D (i) ,, 1t may be an added (or subtracted) constant 
lor (ii) ' it may be a co-efficient, 


f 


algebraic quantities’ in two. 


teg. y=x24q 
as for example y= Kxs- 
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In the first case the constants just simply disappear on) di- 
fferentiation as it should, for a constant cannot change and so can ` 
have no place in any rate of change. In the second case however 
the constant retains its position as the co-efficient i in the differential 
co-efficient. 

ato} tas! sr] wot 
(D Let y- x Ha: ten., ETER Ea to tSbt1o biogas 


dy 2 [x - 9x)? £ a] - (x? +a) 


wh n» e ^ 
=2x8x+(dx)? or ik» i i xý 
ay dy .. lou iq B SIBUMITOMED OF ¢ ? 
Lysias. b litat ons ode) CTD 


dt vd 1i 


Note that the differential co- -eflicient. of, only.» x a and that of 
(x? 4a) are identical i.e. the constant added to the function dis- 
appears on differentiation, * 


Í 


tonhota owl si qi bbe (ut) 
(2) y-Kx?; then YX8ye K(x--0x)* 
dy = K(x 4- 5x)? — Kx? NAR cds VM 
= K[3x*.5x + 3x.(5x)? + (6x)? dn j 
BY = K[3x*? + 3x. Sx + (09°) ) " ( r i 
; k ak ydg 


Lt Wd Dess une 5h & ^190(0-2.4.2) 

ax0 ôx dx 
- Note that if you just multiply the differential. coefficient, of xe 
by K you obtain that of Kx?. In these two examples constants a 
or K may have any value. '_ ST \ i 


0-2.5. Differentiating Sums, Differences, Products and Quotients : 


(1) Let y=u+y where all the three are variables. To differen- 
tiate, let each of them increase by smallibut ffinite'amounts. Then 


we get y--3y (uhi) o) ceste of) Youle ©) 
dy. du dy 319180U 1L 
ày- LL Sh -2.5.1 
Then ay = Sut Sy and $2 = G44 9 ite qu ) 
As an example, let y — (x? -- c) € (ax* +b) prides a: 

11 brt0952 5d nidm - (n 

Then mor f dY ax &4ax* «c jno15fib sdi abivil 4) 

dx 


Ace Ne— ILHS j 
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(2) Let y=uy then y+ay=(u4 8u)(u-- 30) = y+ U.8y + 9.8u 4- Su. 
*, 8Y = ubu F v. E su.s 
Ey) Sy . 7289577 8 


Ew Hi —+ 


8x ox 8x" x 


Now the last term bein 


g a product of two small quantities, is of 
second order of smallness and so, negligible. Then 


| dr tA | (0-2.5.2) 


So to differentiate a product 
(i) take the differential 
it by the first term as such 
' (ti) differentiate the first term and multi 
as such and 


(iii) add up the two products. 


co-efficient of the second and multiply 


ply by the second term 


As an example let y= (ax? + m)(bx* 4 n) 
dy A 2 d d 
Y (ax? + m). amex tn)+(bx4+ ny ox tm) 


= (ax? m)(4bx*) + (bx* + n)(2ax) 
= 4abx* + 4bmx? T 2abx* + 2anx 
= 6abx* + 4bmx? + 2anx. 


(3) Lastly, let Jul»; 


to differentiate we follow the procedure 
laid down above and write 


dy=ud(1)+4 1. u. (- ao] Ly, 


udu, u.dy odu—u,du a s. 
RUM fadi (215.3 
(ke. . to differentiate a quotient 


G) Multiply the denominator by the differential Co-efficieht of 
the numerator 


` (ii) next ‘multiply the numerator “by the qim 
Pls igi by 5 diff. coeff. of the 
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xip a 


As an example we consider the function hae ae 
P T ax ets 


d. (ra e (xo LATIS 
yl (ax* +b) (x +c) —(x?+c) ae +5) 
ax (ax* +b)? 


¿(axt +b) 2x — (x? +c) 4ax* 
(ax* +5)? 


4: Qax^ -2bx) — (4ax* 4-Aacx?) 
(ax* +b)? 


_ 2bx- 4acx® —2ax* 
(axt b)? 


Exercises: (1) Find from first principles how the following quantities 
change w.r. t. change in radius—circumference and area ofa circle, surface area 
and volume of a sphere, lateral area and volume of a cone of Sant length land 
height h. 

Verify that the rate of variation of spherical volume ains jts surface area 
and that of a circular area equals its circumference. 

[ 2r; 27r, 8r, 4rr?, 271 and aerh i 

(2) The relation between the candle power of an electric lamp and its voltage 
is C=aV> where a, b are constants. 

Find the rate of variation of C.P. with voltage at 80, 100 and 120 V 


given that a 1x 10-19 and b=6, [. 6 —aby?-s, 0.98, 3.00 and 7.47 epivolt | 


(ax+b) (iii) (x +a)" 
(+a) Qc? b) 

(4 EMF to maintain an electric arc of length t-with a current strength j 
is E-a4-bl - (c -kI)]j 

where a, b, c, k are constants. Find rate of variation of emf with / and j. 


(3) Differentiate w. r. t. x (i) ax* -bx-4c (ii) 


0-2.6. Exponential and Logarithmic functions and their Differentials 


_ A Binomial theorem. An expression of the form (ax--b) 
containing a pair of terms is called a binomial (bitwo, nomial > 
pertanining to number ) expression. Newton devised a formula by 
which a binomial raised. to any positive integral power. can be 
expressed in the form ofa series of finite number of terms. | This 
is a very important result and we establish it ina very simple way. 
We know that 


(x+y)? 238 2 y? 


0 
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(XE)? = x*  3x* y E 3xy* hye 
(x+y)*=(X4+9)™ (x4y)2 24 T Áx*y E 6x*y* +4xy2 4 ys 
(x+y) = Gy) (x 4- y) zXU Sy L0xtyt + 10x*y* + 5xy4+ ys 
Gc)? 9 (x4-y)o (x+y)? Exe Forty ISx+y? -F20x*y* 4 15x2y4 4 
6xy* 4- y^ 
GFX)! =(x+y)*(x-+y)2 TX HIX y 21x5y2 4 35x4y* 4 358 ya 
TF21x2y5 -7xy* 4 x7 
Hence extending this series we may write 
n 1) 
2 


* 


n-i cw») 
Gyr emp DE y+ att anys g Or Dar 2. pie 2). yn-sys 


ASE it. se. m 
Satt T das m. anaya t0 Da-2) ay, 


Toss. (0-2.6.1) 


[ The Sign L is called a factorial. It is in facta short-hand to express the 
Product of successive +ve integers o. Bel $7 5.4.3.2.1, L474.3.2.1 etc, ] 


The expression above (0-2.6.1) is called the Binomial theorem 
one, you. will have. to learn. in. your Maths. Papert with great 
emphasis. ud. 


B. Exponential Series: Let us, investigate the binomial 
expansion of the expression (1+7/n)". We have from the binomial 
theorem... dax) 

D ILLI o D. T 
(1+1) Lht go pp e Mirta t 

uns e Dim 2); qa... 1^ 

1m o pibe 

-14147-1 (7 HGS) (n Tn - 2.3) 
Vi lg Gro X add - 


A FEN (0-2.6.2) 


Let now n grow toa very, very large number le. n2» os ; then 
(n - 1), (n—2), (n —3) ‘ete. differ Very little from n itself and all of 
them can be taken as equal. Then we have © ‘ 


His SN 1 
L £m CET M 
Eras (i3) Ht tetz 
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Now the sum of this convergent, sided upto. indt is, said to . 


be the ira term and denoted by e. «| 5 


i ) COE S 


Si embbbtopgy +5 thi veio SPAY 278251, "s 
Let us put various values to m and find the value fees We. 
then have o à 
pg pisen [0 e) nt) iyge ont on 
(1+) 2.250, (i) 2.489, (+ 10) 2.594, m 
1 *° 22.653, (1 T 2 T 
(ieu) = 2-653, (Legg) = 2704 eem 
10000 : 553 dil 
(1+ 0) =2.7171; (i ALA Jasza wiare 


getting an incommensurable quantity as the sum, where 2<e<3, 


The term e carries great significance, greater than the other 
incommensurable :quantity æ: which you )know); „for, , e is related 
to the natural rate of growth or decay of many physical quantities. 
Ifthe time rate of growth or decay of a variable at any instant is 
proportionalto its value at that instant then its growth or 
decay rate is said to be natural, logarithmic or organic. | 


Growth of money at compound interest in a bank, normal rise 
in population in a city, the growth in height of a healthy sapling, 
decay in mass of a radio-active element, discharge of a condenser 
through a resistánce, damping of amplitude "and velocity of a 
vibrator ina resistive medium, in each case with time, all occur 
exponentially. 


To get at what is meant let us study the growth of money at. compound 
interest. Let 100 :upees increase to 110 at the end of a year at 10%, in two years 
(Principal 110.00) to 121 (for, interest is 11.00), after three “years (Principal 
121.00) to 131.10 and so on. After 10 years, 100 rupees grow to nearly 259.40. 
Note that after a year, a rüpee earns 10 paise as interest growing into 1.10-and 
after 10 years multiplies 259.3 75 times. Now let yo be the initial principal which 


increases annually by ln fraction for n years, then after this lapse of time it 


will total up to ya y(r4-3.)o i; *s sd ot moder ai 
But remember, money is increasing continuously and not in annual jut. 
To getata moreaccurate value, we divide ten years iuto 100 parts when the 


RE 
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interest will be allowed 100 times ard ihò total will be then 
d 1:00 3, V0 Gatos 
Yn=100 (+ 270.40 rupees 


To get at a more realistic ‘value let the interest be paid 10 000 times in ten. 


years when the total will reach a 
< Hu TP \10000 s 1 
Yn= 100 (1*5 2271.82 rupees 


Thus the ratio 39)- (1L) represents: the total increase after) incre- 


ments, Also we note, however large n may be, the expression (1 +4)" > 2.71828: 
see (Don't you forget this value), 


The Exponential Series : Wé shall have , 


ese eee ve (iat 


2p). nx(nx -1)1:: nxnx—lynx-2)1. 
PEA TET Ferry o pal 
CRM to infinite no. of terms: 


M x(nx —1) x(nx — 1)(nx —2) 
CREME E qus dM Cam 7 mA 


i pots (0-2.6.4). 
PROS 
L for, when n is very large nx =(nx — 1) 2 (nx —2)- ... etc ] 
H a 
eiri ee (0-2.6.5). 


i i.e. on differeniiating e®, we get the' same quantity back. The 
importance’ of the quantity e* lies, amongst others, on this unique 
Property. Another factor lending importance to e, is the fact that 


Napier the inventor. of logarithms; -took .this as. the base of his: 
System. vo} i f i 


Logarithm and its Differentiation : 
Y is taken to bee” then x will be th 
ie, if 


I 


If in the Naperian system; 
logarithm of y to the base e. 


i ni dont ntis URN R 
coy 65 owe have x= log, y oriny. (0-2.6.6). 
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The term In refers to natural logarithm (Logarithm Naturalis). 


Y. body wt 


1 
(a) (b) 
Fig. 0-2.2 


The logarithm in gederad use has 10 as its base. The relation 
between the two is given by 


In x= log, x = 2.303 log,, x (0-2.6.7). 

Now then y=logex or x=e¥ 
dx _ ey dpud cabbey oi (0-2.6.8 
dy ° wr Ce 


‘ This result is very peculiar for. differential co-efficient of log, x 
turns out to be x-* which is not obtained from differentiation of 
powers as bets in (0-2.3.6). If we follow that method we shall 


find that $09- 0x x-* 2 0 and not x-*. Fig. 0-2.2(a) & (b) show a 


quantity increasing exponentially and the corresponding logarithmic 
curve, They look alike, for basically the equations are identical, 
though values taken, differ. 


Meurs dent 
g x* +a? 
Examples: Differentiate e-à, e vars Kapa , loge (a+x*)* 
(D y=e"@#, Let z=-ax; .*, y=e* 
dy ez di nier. GY ORE c LS 
jae e and al. at ase ae 


Alternatively, loge y=—ax; .:, 1 dy= -adx 
y LATINETS 


w d ayt aris pS ai | 
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1 2 d. 2x 

(2): yao) Let zx? mi, d 
dy dydz ,4x'2x 2x jx' 
dx dz dx 3:153 


2 1 2x 
Alternatively loge y=" or hides lsd 


dy _y2x _2x,19/3 


A der Ram d 


(3) y=e NEY ^. loge y=(x? +a E 
x dy - 4. (x? 4a") *. 2xdx 


Ax? ca? 
dy x Lxe 

dx” Jetta? Nx? ta" 
(4) y=loge (a+x*). Let z=(a+x*) 


a eed iac . dp -dydz.1 4. 3x7 
+ yeloge z. '" dx dz dx 2 ax 


0-2.7. Trigonometrical functions and their Differentiations : 


A. Two Limiting Theorems: Elementary trigonometry tells 
us that (See fig. 0-2.3 ) in radian measure 


g- arc). .. _PQ (arc) 
radius (r) OQ (radius) 
n» a. Opposite side (PR) _ 
Acre Hypotenuse (OP) 
Adjecant side (OR) 


cos 0— 
Note that the "sémi-arc PO is somewhat longer than the 
semi-chord PR. Now consider a 
smaller angle 6’; see that (i) the 
semi-arc P’Q and semi-chord P'R' have 
shortened (ii) their difference has 
diminished (iii) the adjecant side 
OR' has lengthened. These changes 
mean (i) both 6 and sin @ have 
diminished (i) their values have 
come closer (iii) cos has increased 


| Fig. 0-2.3 
| in value. 
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4 


e 
For a smaller value of 6 (6' in the figure) the trend continues. - 
For a very small value of @(6’”’) the semi-arc and the semi-chord 
have become almost identical and the adjecant side OR” almost 
is equal to OQ (i.e. OP). Thus we conclude Z 


opposite side _ arc length 


i ing-———————— : > 0-2.7. 
(G) E psi hypotenuse radius p ( 1) 
T . adjecant side _ radius 0-2.72 
(ii) phe ore hypotenuse ^ radius . = (92272) 
iir sin 6 0 : X 
(i) Lt tan o= o TE = (0-2.7.3) 


In various deductions these results come handy. 


B. Differentiation of Sine 6 : 


Let us have y=sin@; then y+éy=sin (04-30) - sin 6.cos, 36 
-Fcos 9. sin 8. Now 360, sin 202-80 — dO and cos 30 — 1. Then 
y+dy=sin 6--cos 6.do or dy —cos 0.d6. j 


do 
C. Differentiation of Cosine 0 : 
Let y —cos0 ; then y 4-3y —coso.cos0 — sino.sin90. 
When 260 sin$0—£0—d0 and cos:0-1 
Y-tdy-cos0-sino.dO .. dys -—sino.d0 


4 coe nly 8 (037.4 


dy n 0-2. 
dé sin 0 ( d 
D. Differentiation of Tan 0 : 


Let y = tan? = Then by equation (0-2.5.3) we shall have 


sing 
COS) 
d (tang) = OMe (ein) = MM 
cos*6 : 
_ Cosg.cosedo — sing.( —sin$)do 
cos*6 
z(cos*s-sin'o)do do, Ð 
cos*9 cos?; 


- 


n 


S (tan ») =sec*@ nee 1021.6) 
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2E. Differentiations of Inverse Circular Functions : 


“Let y=sin-* x; then x=<siny. Then by equation 2-7.47we have 


2M di mcos y= Tc sity Je 


aya ae (0-2.7.7) 
dx p ES 
Again let y - cos-* x ; then x 2 cos y 
5 = siny- -J Toco? ye - Tax 
qudy Pat (0-2.7.8) 
dx Vi- 


Examples: Differentiate: (i) cos*@ (ii) sin(x+a) (iii) y=log, sin 
(iv) tan 38 


(i) Let y2cos? @=(cos 0) 2z* where z=cos 0 


3 dy. A RC Coo epe 8 
otek Ta =3z7. aon in 
d - d de 320, (—sin $)— —3 cos*é,sin 0 
(ii) Let z=x+a .. y-sinz or dcos 2-005 (X a) 
Again 45-1 v t- D dz cos (x+a) 
dx 
KA, VE 1 so dy^1d 
(iii) y=loge sin 0. Let sin 0—z then y=logez .. da nd a. =cos 0 
dy_dy dz 1 


WW dz. l cos 9 cot 9 
d) did) =z rin ane 


(iv) y=tan 30. Let30-z .-, 2-3 and y-tan z 


dy. dy... dy dz... .2.133/454 cant 
ds sec? z or SEEPI RES 39.3 LAS 30. 
0-2-8. Geometrical Interpretation of Differentiation : 


Any expression containing a pair of variables x and y can be 
‘represented graphically. In co-ordinate geometry you learn that 


ee Ee 
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the relations y= mx--c, x? py? =r?, e Een € R^ j=l, 


y?=4ax+b represent respectively: a straight line, a. circle, .an | 
ellipse, a hyperbola, a parabola. In each case we may 


find the ratio (2 also we shall find that this ratio represents. the 


slope of the tangent at any point on the curve concerned, with the 


x-axis. 


Let PQR (fig. 0-2.4) represent a part of an ellipse on co-ordinate 
axes. OX and OY, and Q a point (x,y) on it. If the point Q is 
moved along the curve, its y-value will 
change along with its x-co-ordinate. 
Suppose x is moved by a small value dx 
to the right ; we observethat onthe curve | Py xd 
y rises upwards by an amount dy. Then el 


the ratio ps would measure the degree 


or amount by which the curve is sloping 
up between Q and T. On close scrutinee, 
you will recognise that at different small 
parts of the. curve, the sloping up is 
different and. so we cannot very. well 
speak of a single slope in the region QT, 
If however we take QT to be very small (Q and T very close) it 
will become practically straight ; then it becomes true to say that 


;) (dy\. 
» the ratio e ) is the slope of 


9 pe X —— dx m 
Fig. 0-2.4 


the curve along QT. The 
straight line QT then becomes 
indistinguishable from © the 
curve QT. [Recall that 
when the arc subtends a very 
small angle, the arc and the 
chord become almost the same 
as we noticed when discussing 


€ sin a= Y (eq. 0-2. 7.1. And 
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1 


if QT is indefinitely small, the straight line cuts the curve 
at two coincident points i.e. touches the curve practically at one 
point ‘and hence becomes a tangent with evidently the same slope 


as QT ; so that 2 represents the slope of the tangent to the curve 
att x 


at the point Q for which the value 4 is found. 


“Slope of a curve” carries no precise meaning, for at different 
points (Q, R; S), tangents drawn have different inclinations (645 05, 
Qs); as shown in fig. 0-2.5 but a slope of a curve at a point (say R), 
has a perfectly valid meaning, for a definite inclination (72) to the 


i 
OX axis is associated with the tangent at the point. 


Note that in fig. 0-2.4, dx is a small ‘displacement to the right 
and dy the same, upwards. They have to be small, in fact very 
very small—though it is not possible to 
show them in the diagrams. So we 
conclude what we have stated above, that 


the ratio ( 2)i is geometrically given by 


the tangent of the slope angle (6) made 
with the x-axis by the tangent drawn to 
a point on the curve in question. 

In ‘fig. 0-2.6, slope of the line OA to 
dy 
dx 


* 
slope of the line OB «45', so Yai, that 


the x-axis is 45^; so =< -=tan 45°=1; 


Fig. 0-2.6 


of OC>45° with H »1.. The line FG is perpendicular to OX and 


1} 


hence its slope is 90°. and 2 =œ. Finally, the slope of the line 


bü 


DE. is greater than. 90^ with the +ve direction of the x-axis and 


hence o is negative. For a st. line, 2 is constant everywhere. 
APEX S 198): gi x 


But it is not so for a curve as shown in fig 0-2.7. There the 


Ew | 


‘where ve; In the very small 
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slope slowly. diminishes as you moye uso Apito < By and 
dy ust agrees e qu 


ds But it is every- Se does 


so does —— 


regions CB and DF, tangents 
are parallel to x-axis, so the 


y 
slope and hence 2 are zero. 
Xx 


‘Hence differentiate a quantity 
and equate it to zero to get 
either a maximum .or a mini- 
mum value of the expression. 
In the CD portion the slope is Fig. 0-2.7 


reater than ~ and "hence dy negative: -Itis again positive in 
i 2 ay ny eas apa 'sit1v 


the part FG but beyond G is, « as the slope becomes 2/2. 


Questions : (1) Plot the curve ye$x?—5.on. a mm graph paper; Take. 


x=1, 2, 3, 4 and measure the slop2 angle for. each value, i s eal uoy Inoc 
Find the slope by, differentiating, the expression. | l Verify seeped [jo 
agree, from a table of Natural tangents. www bbs gov i 
mus? rov tra 


(Q2) If y-(x—a) (x—b), show that at qe “point xd (ats the ratio 
= vanishes, : enimmpe o) arisi moi taxgela 
5 athe tS £i 

(3) Find the differential co-efficient of theequationy-x*-r3x. | Plotona 
graph values of (2) when x=0, i, p 2, [The result would bea parabola 
Similar to Fig 0-2.5 ] 13 (x? 41) ; 3, 33. 6.15] 

> hey T Į 1-3 

(4) Find the slope at any point ofthe curve of equation (x*]9)3-G7]4) 21 ; 

also find the num>rical values of the slope where x=0 and x - 1 


34x! 9 io) 1 
[oo Fa] 
l »nm 
0-2.9 Integration : derat 
By this term we mean summing up: of. a very large number of 
„smali quantities of same nature. The direction to’ sumiup ‘a large 


number of small but finite sized terms:( ix) is provided by the Greek 
3 
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letter x (sigma) which means ‘that 88x =x) "When we have to šum 
up a very large number of Very very small quantities (dx) the 


direction is communicated by the symbol f which -is nothing but 


an elongated S, ie. f: dx-x 


AS an- example of summing up small quantities, let us take a 
Series of terms in G, p. 


T CERE HH RH ag dono upto infinity. 


Yous know’ that if: we take an 


m ; infinite number of such terms then 
q-—— Pv erai 


they all add up to 2. Take a line 
‘Fig. 02$ ^ 1 segment 1" lóng l add to it 2", then 
($^) then again (3)’, and then 
the sum will fili short of 2 by the 
if the'last term addéd is 1" then 


then you are short ‘by 2," and so 
On. Only if you add innumerable t eig then Only you will reach 
2. Butyou cannot draw beyond the tenth term (1ds.)", you will 
Not be'able to see the 18th (erm ‘under a microscope, although 
integration refers to summing up of innumerable t r 
is an alternative, fast yet sim 
“Summation -instead ‘Of the laborious time cónüming method out- 
‘dined above... I. iw (= 


again (y5”). ; Whenever you stop 
amount you have added last; eg. 
you fall short bya” if that is 2”, 


erms. Integration 
ple but accurate method of 


t 


E all other mathe- 
matical operat; to differention is posible Pit 
iby differentiating. y« we have obtained 4x) then it must be possibi 


> N 


— 


arei eee 
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to go back from dd ^d SE $94 L8 Bdiht hist however need 


be m [o on differentiating a quantity y sA tC(C= 
const) we also obtain pt = 4x°. Hence as we reverse that: jprocess t 


integrate, the provision ues an added constant must be'there ; th 
constant) is-originally undetermined: but can be determined fro; 
the so-called “boundary conditions: This unknown constant i 
said to be the Integration constant, and this integrated result is x 
to be an Indefinité integral. So it may be said that if '":: 


| 
F i | 
D neret then Vom and y=x"4+C * =a 


will be the result of integration. 
y tti a™ 


Hence ‘the’ working rule in this Case will be : raisé the index b 
J and divide the-quantity by that incedit ed index ; in ns words, i 


dy... 4n | 
= =x"othen y- 7 +C. 0-2.9. 
dx + is d x 
Bees e dy Tiri 
Similarly if JU then y= T +C - (028. ) 
0t [ 
| rennes 0) Dist Then dy- x. dx | Py aif, | 
y= fdy= [x*dx Ce S c 
3d T ini d i uf | &9501L dT. g 
» 2uluoiso [ssgo1ni ło. 191!5m-JosSid ue 
(2) Sox etus Then! dys x datus? © lo sors od) umibnr 
OF opil byaitxcadp khare no ova sIqmazo 101 etr 19.3 
( ‘ b E MS  25nil 18slusibzusqi:9q owt (S-O ian) 
1895 tig tit G Jd 39. MM sail Isinostiod s bas 
- MO 151. bas (x ues soiteups Am eadfoidw 


This is how we may arrive at indefinite” AETA From 
differential co-efficients. A table is provided below setting out the 


results of differentiating and, integrating ithe different functions we 
have so far studied. 
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.. TABLE FOR DIFFERENTIATION AND INTEGRATION 


} dy vii güuyirsdsib d isd AX 
f dX» j v ? 
!I0odijeum metata bebbs as 3o la i2 ax+C 
nid bod nio Mrdxsaienrstabni BX Stax Casten 
T m mwonsdnu eT awoii ax? C. 
2x51 botgs[m eil] M5 4 indx* C! 
nx^-t 30 ded bii att AUN xh 
d i nil 
[.Q. 6-0) x2 E » 1! zalogi x4-C 
ee 
cos x sin x cos x+C 
—sin x cos x : sin x 4-C 
Sec x tan x log, cosx+C ., 
i «bac | e t +h ) er à i e+e ) 
1 loge x x(log, x—1)+C 
x a a” 3 
a — + 
a? log.a' loge a 
í 1 sin-tx 
J 1+x? 
NUM. COS-!x 
J Ix? 


B. The Process of Summation: The Definite Integral: The 
subject-matter of integral calculus arose from the attempt of 
finding the area of a surface bounded by curved lines, t) 


Let us for example have an area. bounded by a curved line PQ 
(fig. 0-2.9) two perpendicular lines, PM(- y,) and NQ‘=y,) 
and a horizontal line MN. Let PQ be a part of a curve BPQD 
which has an equation y=f(x), and let OM =a and ON-b. Then 
the required area will be T 


l 


Hajoa wolgd bstivodq. aigid yisffls-o2 (aizasruni! 
anoion $5915); b PMNQ = È fea 9613311919111b 1o Siyasi 
à barbie 1:152 ved 


— 
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To find the area we (i) draw a large number of perpendiculars 
on the x-axis so as to (ii) cut up the required area into a large no. 
of strips, then (iii) compute the area of any one of such strips and 
finaly.(iv). add up the areas of all of these elementary strips. ... m 


Let us first compute the area of the strip ACC'A' ; We have two 
perpendiculars y and y+dy, 
a horizontal base 8x and at the." | 
top the slightly curved line 
AA’; let us take y as the 
average of y and y+ŝy' so- 
that the area’ of «the strip 
would be y.sx. Now, as we 
can make dx as small as we 
please, we make it so small 
that the strip becomes very 
narrow and its average height 
becomes equal to that at its 


Fig. 0-29 
mid-point. Then thé area of this very narrow strip becomes 
„ds =y.dx. So y audis ord e ed codi wife iid 


area PONM = Vise rds nia n Y Y ($) 


Note that the area here is definite but limited by PM to the. left, and 
QN to the right —you.are summing up. (or integrating). between. two 
définite limits. Here the value of xis not less than a, nor; more 
‘than b—the lower (or inferior) and the upper (or superior) limits 
| respectively. Such limited integrals are parnai REETA Hence 


a e asi exi 28:1] 


1 E aeta022d 


rape! “xed £ E |f 
area PMNQ- \ ds= Í pes. vide PRS 


ea zr-0 rea 

k | t4] Kb) } 1h) eitt To #97 
Again we may look upon the area PMNQ as the difference between 
two areas OBQN and .OMPB. In fact va definite integral is the 
difference between the two icraat, one at the upper limit and 
the other at the. lower. That is why the integration constants that 
appear for both integrations cancel ‘out ^ subtraction. Integration 
constants do not occur'iti definite integrals. WÉS wor s ri pid] 
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etaha 3o 19dmun sarsi s wsib (i) ow sore 503 ba o" 
OE Find the üred'óf à eiiean of base's units’ ánd' Weight °4 whites 
bytintégration.\\ 2 10 5110 1 m8 to 8915 ont a uqmoo (V) mor? ,eqi12 
In the t£iangle AOB WS? Meis? hyp5tenuss" OAS din motini )stráight 
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From elem:ntary geometry w> know that ths required area is }ha=16 units? . 


(2) Find the area of a circle of radius R. s MOJ 


Tn the fig, let tO be the centre of aci cle of radius R ; d 
Dikan rand breadth: ar. “We thay cider" the "Circle ^ 
to'be the sum of areas of jus Bümber' of such ^ 
atinuli from. and tio ithe circumference (r=0 tors] 
IRRI (oYtoqno 36) 4 qm SAF bris (roi ry; 10) 19 
x al Hdidg-the j&ren iof One strip (=/xb).we' note |. 
that its length is 2r and breadth ôr, ie. the area (34) 
becomes 2rr.àr ; now making the breadth vanishingly 
small we shall have 3o 


raw an annulus of i inner. 
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| area of the circle, d fae f: arr deae (dr. 
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(3) Find the volume of a sphere. 


On the sphere shown, put side by side alarge number of paper ribbons parallel? 
to each other. Consider one such strip PQ of radius 


y and width sx. Thestrip being circular its area is 
my? and volume xy?.sx. Note from the figure that 
y* =r? —x* where the value of y may change from 0 to 
r depending on the position of the ribbon PQ on the 
sphere. Hence, reducing the width to a very very 
small value we have 


Qar. 
Volume of the sphere V=2 f ty? dx 
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once again a result known from mensuration. 
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| KINEMATICS 
: -REST-& MOTION 
OF A PARTICLE 


1-1.1... Mechanics: 


The science of mechanics deals with such ideas as motion, force, 
‘energy and their relations with one another. Mechanics is said to be 
the grammar of physics, for it enters into practically. all other 
branches of the subject. It is fundamental since a knowledge of 
mechanics is a must, for properly understanding ‘physical pheno- 
mena. Though the name implies a connection with machinery, they 
and other practical applications properly belong to ‘applied. mecha- 
nics’. Gravitation, elasticity and the mechanics of fluids which we 
shall be studying later under Part IT, actually form branches of 
applied mechanics. 

Mechanics proper is broadly divided into statics ‘and “dynamics. 
The former treats of bodies at rest under the action of two or more 
forces. The latter deals with bodies in motion, Again under. the 
action of two or more forces but simplified into a resultant un- 
balanced force or torque. Dynamics again, is divided into ‘two 
branches, kinematics and kinetics.. The former studies the nature of 
motion without bothering about their causes ; the latter ‘studies the 
causes and laws of motion. 

Mechanics itself is an important branch of Applied Mathematics. 
‘Our line of study will not be along that traditional discipline for, 
you shall be doing that in your mathematics classes. Our purpose 
is only an intelligent application of the results of” mechanics, We 
shall confine ourselves to understanding the basic i ideas and results 
and seeking to apply them to solving various simple problems. : 
, Some Definitions : Body: Any. piece. of matter, isya | body. Tt 
‘should have mass and volume. If on applying equal and opposite 
forces, however ‘large, its shape’ or’ size does not’ change, the body 
is said to be rigid. If they do change, the body is elastic. No body 1s 
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Perfectly rigid; it AÐ liñ Airipiáéliéal, iddaliséd! concept only, but 
helpful in easily grasping relevant laws. Whenever we talk of a 
body in Part I, it would be a rigid one. In Part IT we shall consider 
elastic bodies which undergo changes in Shape or size under balanced 
forces. 
^ HA rigid body is taken as a conglomeration of particles (bodies of 
négligiblé sizé); ‘Heir separation remaining unchanged under all 
conditions.) A H 

Particle: It is a body of negligible dimensions and corresponds 
to a point in geometry. Like the latter, it has)iposition but. 'uhlike 
it, has also mass. These two quantities, . position, and. mass. com- 
pletely specify a particle. Aona cule snos isi 

A body may be considered (i). particle, with its mass..concen- 
trated at its centre of ;gravity, more appropriately, sat its, centre. of 
mass* and (ii) also when its separation from another is very large 


(ug ar $ 
compared to its dimensions. . jj s esilqmi si l 


EL2. Rest and Motion: ^ ^ 
biuft Io. aswindosrr n. 1 B, jiteklo . gu 
A body is said to be at rest when it does not change its position 
with respect to its surroundings. Your book-shelf. fixed to, the; wall 
always remains there. You, 80, to, school in the, morning . return 


galaxy at about 200 miles a second. So nothing on earth is at rest, 
AMA OGGC B-IBüp5. atividdE no jónuloy HAs aast | biu 


shod sri sentes on rt 3T bay 


od ot bis: 


KINEMATICS 3 


tö a obsérver any where outsidé it. The assétipéri" 'séated inside a 

moving bus or a train appear tó be gt “rest” ‘When ! Tooke’ at at’ each 
other ‘but Appear tò a mar 'ón'the' road or ‘Station outside, to be in 
motion. Hence rest and motion ‘are relative, i ie. at rest or in motion 
with fespect to à reference or standard landmark "which we consider 
to be at rest. So is your home, referred to some other building, at 
Test. "Tn A football game the ‘ball is in motion with respect to you, 
standing at a fixed point. So, "for any. motion on earth we take the 
earth’ to bé the reference and we judge anything to be at rest or in 
Motion with respect’ to it! Look out on a clear night to the. north 
and locate’ the Pole Star; observe for a few hours; you will find 
other stars close to it, appearing to move round it ` enomib sik 

Remember, ‘motion is- itself imperceptible we perceive it due to 
the ‘change ‘of position tof a-body' with ^r&spect to others ; we iper- 
iceivé-it'because of ‘sudden! changes in’ motion duet bumps, jerks, 
jars, vibrations. “If; you are» in a (closed svehicle moving: smoothly, 
stich as modern-high flying jet-planes Or-theí famous: Japanese bullet- 
trains, you will not be aware of your motion. Because''the earth 
spins and, moves . quite : smoothly, man..till. the, days. of. Copernicus 
(1469-1543) took..the earth to..be.;at. rest..-..Galeleo (1564-1642), was 
hauled up before the dreaded Inquisition in. Rome for teaching that 
the earth: moves and. Bruno was burnt, at; stake. for belieying so! 
Long before, Aryabhatta of India ina; book in, 499 A.D. had, how- 
ever declared (and was , believed) that,-the.earth, is round, it spins 
about an axis producing day and night,and also goes round, the sun 
in’ Conipany with five other planets. 5 Y «di ni (d) 

I-1.3. Reference Frames : 

We therefore need a. reference: at rest with caked, per s whieh 
motion is to be described. You are already familiar. with. such.a 
system in drawing graphs, while solving; simultaneous; algebraical 
‘equations ; you draw two fixed axes XOX’ and YOY/ at right. angles 
to each other and plot the points (x, y) with, des to these axes, 
of different points you select. avy b: 

A frame of reference is a set of lineni or paesi with respect, ve 
which. we' describe the. motion-of a particle, by: plotting, we positions 
at different instants. ofitimes!) ori i tnicg sii sow zu elio; d 

Reference frames are. anit pisci to; conyenience. Noi refer- 
ence frame is intrinsically better than others ; only under.a: set of 


ECT 
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circumstances one may. be more convenient than others., ‘We discuss 
below, some of the more widely: used ones, ; 
A. . One-dimensional Reference frame; If a particle moves along 
UN cgo a. straight line then its, position w.r.t. a 
fixed, point. called origin can, be expressed 
by. the separation between them. , In, fig. 
I-1.1, O is such an origin; P. the. position 
j of the. moving particle ata given distance 
4 OP (=. at a given instant, OR :represent- 
ing the one dimensional. reference. frame 
and the motion of the particle. is said to, be 


a 


Fig. 11:1 73! 


one dimensional. i á i NN 
B. Two dimensional Reference Frame: Whena patticle moves 
in.a single plane (as it will do in most/of our discussions) the motion 
is said to. be planar. Then we require. two, quantities: to Specify its 
position with respect toan origin.: The»more important two of such 
reference: frames, are (a) the Cartesian! co-ordinates and: (b):the Polar 
co-ordinates, n:rw. a i 
““°\"(a) The Cartesian Co-ordinate. system :' You aré already' familiar 
with this system in drawing graphs and would Study’ ih detail when 
you take up co-ordinate’ geometry. =! b sdi bolni 
"You draw ‘a pair of straight linés ‘OX and OY ‘at right angles 
to "each" other (Fig; 1-1.2)! and. ^ MiddsyrA. ,910lod 
choose 0, their intersection’ ( l gay bn 
point, as 'the origin. ‘Any point ^ | 
(P) in the X-Y plane represents 
à position of the moving parti- 
cle." From” P, drop 'a ‘pair! of 
"perpendiculars PQ and^PR. on) © 
‘the’ "X and" Y -axes;" The^dis- 
"tances! 'OQ "and "OR; from O- 
"are" taken a8 Vandy land are  : 
called the co-ordinates of the ? Nov od l 
point P. As'x; y? both 'giverüs|o vw 5 0 oon Eig El ny 
"distances; their 'combiriation: (x; y) Le; the co-ordinates of the! point 
P tells us where the point is on the plane!of reference XOY. Co- 
‘ordinates indicating the Position ‘of “a point are’ icdlledicits! -space- 
'Go-oidihdfésiu vino; evento ned! sorted vinoni a m. 
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However, inter ecting reference lines may be at any angle other than at tight 
angles, . The axes are then said to be oblique-axes as different from 'the rectan- 
gular axes described above. . We take; no further notice of'oblique axes, 

(b) Polar Co-ordinates: In this system. we express. the position. 
of a point P in terms of a distance from .a fixed, point (=), the .so- 
called radius-vector OP and the angle the radius-vector makes with 
a standard reference axis, generally OX. The polar co-ordinates 
of P in fig. I-12 is shown to be (r, a). o oS 1" ne : 

The two systems can be related, If in. the Cartesian system the. 
co-ordinates of P. is x and. y and in.the, Polar system.r and 4, note. 
from. simple. geometry, that , Tee pone in (33 

r? =x? -y*, tan 0 - y/x, x er cos 0. and y= rsin o- (I-1.3.1) 
These relations would be very handy, when later we leárn:to resolve 
and compound. vectors. pa” n ds devin ' 

C.., Three-Dimensional Reference Frames: . When a particle 
moves about in space, for example a fly, we require three quantities 
to indicate its instantaneous Position. . There are three frames in 
general use, the Cartesian, the Spherical and the. Cylindrical. ‘The 
first two are of wider use. But so far we are concerned the uses of 
the latter two will be very-few.iciioni-n6V has leitssait bit 

(a) Three-dimensional Cartesian Co-ordinates : Here we build up 
a system of three mutually. perpendicular lines OX, OY, OZ inter- 
secting at O, the. origin.. In an ordinary rectangular room they can 
be taken as the lines along which the floor meets two adjacent walls 
and the line along which, these walls meet, all three lines meeting at 
a; corner point of the room, and at right angles to each other. 

In this .system, to specify the 
position of a point in space (say, 
the. tip of a hanging bulb in 
a. room). three perpendicular 
distances of the point from the 
three planes , (X-Y, Y-Z, Z-X) 
need be known. To. do so, a 
normal PQ is dropped on the 
plane X-Y and. two perpendi- 
culars from Q, QD and OS are 
drawn respectively. to OX and aie LORD 
OY axes. Now OD represents A BA V ia sar undo 
X, OS represents y while pQ "^ ^ Mb cs Lsicopig qual eo a 
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does so for, z.: Then: the, distances OR; is given byii tajni ,19v5w0! 
anos st OP nheditb-HyAsszipido od o) bise aod: ors zox& orl TI- 1:372) 
In fig. I-13; ODOS epee the’ floér or KY" plane, ABOS 
dnd’ BCDO the two adjacent ‘walls, Féspectivély "hé YZ "and Z-X 
planes, the died po » 2) yt hee m - but’ Hanging. from some- 


where. ! ds; 
XO vlen. ixi 

(b) ean a Polar Coordinates: In this system one di itédide OP( =r) 

i; taken and two angles $, with the vertical z-axis that OP makes and @ which 

OQ the projection, forms with’ the hotiZoHtal axis. | So ‘Phas’ Go-ordinates 


rj 0, 0 where xar'sin 6 cos 0] y3- /sin 0. sin > andz=r'cos 9! 10 


(c) Cylindrical Co-ordinates: Here wə use two! distances 2( 9 PQ) and R 
(> 02) and as before 0 Z DOQ; if the’same figure; "Noté that |.” 
vicos Oo mRC080 owe Rebs tye viov sd bluow gnois 
Any given frame of reference is generally" called” a E ordinate 
system. In a broader sense, any system. with référence tS which we 
describe ‘an event. is a reference system. An € event is anything that 
Happens, s such’ as the ‘notion of i a ‘partic idie ‘a ‘Totation, a ‘collisior 


SANUS two! particles, ete. dt involves time T another dimension. 


328 SA} DIFI S40 'I9DtW 1o FIB 


n. 4. *Inertial and Noii diertist ‘Frames: od lliy 
From ‘the’ above ‘discussions ‘we find" tat à" cü:ordinate | frame 


made of three ’ mutually ‘perpendicular’ ‘axes may give! us ‘an idea of 
the state of rest or of motion. ‘OF d'bódy voce to it. "Let such 


a frame “be. fixed on ‘th e s surface of ‘th of the’ Anh. “Tt a à body does. not 
change ae "with | (me, us is is ‘said aid di ‘Be at rest ‘relative to the 
frame. fit changes its position with tine: then’ the ‘Body is in 


motion relative to the Hon S. have’ said’ so before. ' But let the 
frame be fixed inside a railway carriage that is moving. "uniformly- 
A. person. sitting inside, is at rest relative to this "frame Biit he is in 
motion relative to a frame fixed on earth. So a body need ‘HOt move 
itself to be. in motion, ‘but it moves | iP the’ référence frame "abes. 
Again, if two cars travel with same speed parallel’ to “Bach other, 
passengers in them | find each other, at relative rest’ Yet’ both ‘their 
frames are moving, ` | no eager vi Oq 
The. reference: “frame is said pe iHertial) with Yahin: of 
particles -in them arise from their ital intérdctions? "This means 
that there must be at least two bodies ‘exerting’ forces i Gath óther : 


beiqi GO -wo 
* The ideas presented are diffi ult and may be left out at a fist readign, 
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for-example/the movement öf alcrickét ball ‘thrown it ait or Of an 
orbiting satellite, vis” due to the attraction of the” earth: ait élection 
will rove: towards a' positively charged' body because’ t electiostatic 
attraction ;'a magnetic needle" rotates’ because thé earth behaves ara 
giant magnet ; à moving marble comes to rest "Because Of fictional 
forces exerted-on it by the surfáce on which it moves. These interact- 
ing forces are said to be real, for both tlie agent applying the force and 
the body subject to it, can be identified: “Later we’ shall come across 
forces: which cannot: bé ^traeéd "to any” applying’ agent they are 
pseudo forces. "NeWton's first law" of motion tells us that! in absence 
of nearby bodies i.e. agents responsible for’ exerting forces, ‘the ‘state 
of motion ofa body or of rest does not change." This "Bilavidar is 
said to be due’ to the property’ of inertia. THE first Taw is Hence’ said 
to be that-of inertia and the frames of reference to which it applies are 
said to be inertial frames, Since forces due tò mutual interactions are 
there, Newton’s second law must also be valid in inertial frames, for 
the law gives us a measure of force. We shall see-later that the third 
law is contained in the first. So we conclude that inertial frames 
are those where Newton’s laws of motion hold. 
^ Inertial frames" are ‘those (i) thatáre ‘at! rest with respect to each 
other or-(ii) if moving, are doing: so with ‘unchanging velocity; they 
may have different ‘origins or their 'axés' may! intersect ‘at any ‘angle: 
A';single frame"in cónstant'motion along a° straight! liné is! thus an 
inertial one Though: in nature; strictly speaking nodinertial frame 
exists, its concept (like ‘those «of «a material . particle'or “frictionless 
plane). is" idealised but very helpful“ "Ever! the "earth is*not such a 
frame as ‘we shall gira seé; v not much'error: — " we -— 
it to be so. i i onif bavo g fti 
When a fráme is aecelerated with respeét to an see Stasi ie. 
it is either speeding up or'slowing down^or'rotáting, it'i$said to'be 
non-inertial, The acceleration may be linear ôf rotational or both. 
In such Cases forces arise due to the déééleration(@,) “of the frame 
which cannot be traced to any real agent "To apply Newton’s 
second law we must include the acceleration" of "thé frame à5' and 
state that the total force acting on the body i$ ` oümot io MA 
F’=F+ Fo =ma+may = ma pae » 9d 10 yh za d ^ (prat 
or the effective force orke i i 
Lagi F=F' -F= m*a : Sto vee ATHA) 
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where m is the mass of the body. and a the. acceleration generated. 
This force Fo, is. the fictitious or pseudo-force and always opposes 
the applied force (F^)... We shall find it useful.in explaining the ex- 
periences of a person in an accelerating or retarding car and also in 


a rotating frame. Since the earth is rotating, it is.a,non-inertial frame ' 


but for it a, is only 0,336 cm/s and, hence can be neglected, to make 
the earth an acceptable. inertial frame. 
I-1.5. Kinds of Motion : 

_. Two, types of motion are recognised, namely (i) translational and 
(ii) rotational... A third type is very important, namely the. periodic, 
which may be either of these two, types. 

A. Translation : In, this motion all. the daiis of, a. body 
moye along M didi paths „and describe the same distance in the 


Fig. 1-1.4 

same time... Translation maybe along, either a straight line when 
the motion - is said to be rectilinear, or .a curved line when the 
motion is; curvilinear (Fig. 1-1.4a and. b). Throughout either type of 
motion) the body however remains oriented: inthe same way. In the 
first figure. representing rectilinear motion, as the. body goes from 
P to.Q,,the particles:A, B; C«move to A’, B'; C^ where. by definition 
AA‘=BB’=CC’,,. Any) line: AB\ in the. body. remains parallel to 
itself. for, all. positions of. the body. The second: figure shows 
translation in a curved line ie. a curvilinear motion. 

_ B... Rotation :, In this type of motion, all the particles of the 
body describe concentric, circles in parallel. planes around some 
common). axis... The angle, 
each. of the particles turn 
through, in,.a given. time- 
interval. is the same. : The 
axis of rotation may pass 
through the body or be out- 
side it Fig. I-1.5 shows a 
rotation, say of a large piece 


———— e n 
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of stone tied to. your finger by a stout piece of string, about an axis 
through 'O:' Tlie particles: A-and B of. the; body, when it is:at: P move 
to A’ and B’ when the:body..oes; to..Q. Here o) 4: AOA’= 4 BOBS 
while, OA OA’ and, OB = QBs -esiris>, eyawle isowoniqzi 
Any motion, however. complicated, ‚can „be . shown , to, bea 
combination of -a, translation, and, a: rotations, yA lift moving along 
itsiguides shows translation, the tips of moving, blades of. a fan shows 
rotation. A small piece of stone sticking, to the;rim. of a moying 


P mU - " ergy 


Bey ioca 
motorcar tyre shows a combination of both.,;, 
moves round B as;B rolls forward. niyo olidy 


Wo 
i 


19q (42 OSAA ==} 
A in fig. . 1-1.6 


Lis. Relevant tétms for Linear’ Mótiónme 19voword olevi 
The simplest of motions’ is that of a\particle along a; straight 
dne. When we shall talk’ of motion°of a’ Body, that of its centre, of 
mass (1-7.10) shouldbe “understood--a> point where, the, entire mass 
ofthe body can be taken to be concentrated, thus. effectively, reduc- 
ing it to a pafticle. "The! relevant terms for: such (e motion, are; dis- 
placement, speed, velocity, ‘accéleration, retardation and, momentum. 
yp A. Displacement : A body or a particle is said to be dis- 
placed. when its position changes relative to its surroundings. Let a 
jparticle initially at O (Fig I-1.7) move to, A. Whatever be the 
path taken. (1,2, 3, 4. etc.) 
by the particle, its displace- 
ment is measured by the 
shortest distance between ini- 
tial and, final. positions, 
namely OA in the direction 
(O to)A. At some later 
instant the particle ‘may 
move to B «then again’ its tae 
> : LM 
further» displacement T AB si pig ada io nolisio 
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Ly ) 
but ithé! total or p sb este eberied to/O'is.OB:" If however, 
the particle returns. toO; the net displacement i is zerov 


Displacement always carries with it a- sense of? direction ‘in’ 


addition to that of a magnitude and hence i$ 8 vector!” 
~B. Speed aud "Velocity :' Speed of a body dr pafticle ‘is the 
distánce it covers in unit titie. ' If it covers à distance: s $ in-a time: 
interval fits speedos given by s/£.101« Yo cooly lone 
Speed is expressed in units of length per unit time e.g. 1 cm/s 
sor 1cms-*^or 1 m/s a ms") or again 1fts-*; ‘they. arèrespectively 
absolute units of speed in cgs, mks and fps systems. \Of course 
speed may be expressed in other units of length and time e.g. 
1 km/hr or 1 mph. (1 mile/hr) but they are' not absolute units. 
The knot is a nautical unit of speed equal to 1 sea-mile 
(=6020 ft) per hour. A ‘speed of 20 knots' is a correct expression 
(per hour is needless)? tidy 
If a body while moving, covers inb: ch in, foam time 
intervals however small; its speed is uniform. If not, the speed is 
Tóncüniform'cor variable; With. variable speed, s/t represents 
average speed over’ the distance sor in the time-interval t., If z is 
‘very, Wer Short; s/t- is; the instantaneous. speed. . Note. that its 
dimension’ istherefore. LT.—*. um 
^'^ EEE the particle! be ata .distance.s, from, an origin o (Fig. 1-1.8) 
"at di instant f, and. ata distance s, at an instant /,; then it has 
od: of. hisi s iisa à'44:m0ved, over a distance (s,—s') 
i . Over a time-interval (j—4;). > The 
SITAE: speed -then is'(s;,—s;/ 
(t,—1) in the interval (7,—2). Tf 
both the. differences aré small then 
the average speed 1g 789 


D RU sonnii LGD 
and when At is very very ( vanishingly). small ah he ratio 
m AuSisUS aes iA $ 

on Lang DURNO 1A A M62) 


represents that ‘most Geert mee instantaneous ered, in the 
notation of calculus. 
Speed is a scalar not being associated Witli any direction.) «^ 
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, Example? Lid. ‘A car covers first half of ihe «distance! béiween two places at 

a speed of 40 km ph and the seged half at 60 km ph. Find its average speed... |^; 
s t (oli to, sgan to gains oscil EE T8024.) 

M Ran Let the separation between two stations be:S km; Then: onlqatb 


. aist sri bas Y 
‘ ons gana for ‘the first half of the journey = SI? wr Pie 


vow vito 
Ino 4 m Oe 
and Time taken for the xe half of the s journey- Si " i ^ 
Ba 2 sone pik 
5 3+2 
. Total time required =S (ed 120 hr- = px 4i 
2 Distance .S e NC 
up anerak now time “35 TmT NE ^N 


Problem Accar completes two succéssive qii of its gae at, 30. km/hr 


Sedis , : Sev ^C Aib. 43.64 km/hr ) 
wt vam Deg bovino s«suols xbod An anwso 
; SU Uie i d Mane asa lmitüng (prates) Tox diiustikioi ithe 
instantaneous. -speedo as rof finding» theinratio ofdyvs/sA\t! for very 
small values, we) refer to, figs, 1-1.8, and consider: different'vvalues for 
Syiandyt, (keeping |s, and «t):constant; ati values il em land; ilies 
itsatiiepand We tabulate: the re$ults:;as: below fie B eigas 


id 


Aq dS t l, AWE XH, DAS ty Wm TARIA 
(em) (cm) (s) — (s) saama sutvor, ijr 1a fenha) 
50.0. 150.0. 1.00 1,00 100.0... 4, 1000 YA. + 10/05; 


5» 130.0. ,,:079.60 '" 5580,9 adi  gnolaS- B0 mos didis. 
no MAOO), 27.90. 31600-05117, 69000 2 asa 
Gitte i 20 D) n 390), 04009 DEAD AY a ae 
i 57400 ^ IES boagoa ave ad angan <= RARE 
St (T o 60,0 spr 2933. 10,0 s2019 + i 1.33) (a YD 
aa AP e OEE A N autos 9.69, ne TA 
T 550 , 442 .  301& 4. eee MA 


It gd E 951814: yy aidata s: to 4:0. at! Seasons shih 


Note that as the time interval’ ghana yo dies ale speed 
“value (= As/ At), but ever more slowly and ‘finally ‘settles toa 


constant value as a limit—the instantaneous speed. {hon 
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s: Velocity s... This: is the distance: covered in-unit time in a given 
direction” ie; a speed' with “direction: "Thus" velocity “is a vector, 
‘Both are time rates of change of position. Change of position or 
displacement: means ^ the: shortest... distance between ^ two points 
travelled and time rate refers to the time elapsed. Remember, velo- 
city always implies speed in a given direction, e.g. a velocity of 
50 m/s due north. NaS ae 

Difference. ses is a scalar with osguitala only, while velocity, 

Y ||. ` ,8 vector. with. both magnitude 

T and direction. Velocity is uni- 
-form oily when:it covers equal 
distances in equal time-inter- 
vals: without “changing direc- 
tion. It is variable when either 

pde magnitude or direction or both, 
change. A body along a curved path may have uniform speed but 
variable velocity (Fig. I+1.9)sa8 its direction "continuously changes. 
We shall: learn that for uniform'circular motion (Chapter T-5). 
'^^ ‘Instantaneous velocity: If s represents distance from a fixed 
point along a path then, in the notation of differential calculus, 
As represents a short/distance along the: path-' If ? denotes time, 
At means. a. short interval of time. In fig. I-1.10 suppose a. point 
moves along the curved path from 
A.to:B. Let the moving point be D 
at C at an instant ¢ and at D at S NN 
time’ t + At. "The distances-of C 
and^D from YA along the curved © , ^ 
path are s anl Sir As respectively. VEA Fig. E110 


Then AS A * means the average speed between Cc dhd D as we have al- 


Arrows indicate 
instantaneous velocity 


Fig. 1-1.9 


N 


A ; 8 


ready ho ÉD i is so re toC as to 0d aktidat coincident with it, 
A is Written as px “The latter symbol reptygents the ins- 
titanioa valua AN the velocity of the moving point. at C. It has the 
direction-of  the-tangent-of the curve at C- since, when D is very 


pi close to G, the line joining them. becomes the tangent, at C. 
ds — Instantaneous velocity. at a Doing “lon; the, tangent at the 


. she Jq evesmisin jani as 


then 


ph 


KINEMATICS 1 
We shall, however, Be concerned" mostly with! lotion iia Siaight | 
line. So the question of tangents will not arise initially. oU 
When A is the initial position and -B'the'final;position:in the 
motion, the straight line AB' is the displacement. This we have 
already learnt. E n audi ei notemoril ail 


C. Acceleration and, Retardation: Time-ratewof\ochange™ of 
velocity. is, acceleration, , the change \ maybe: either Jn: speed £ 
(magnitude), or. direction». When change: is that of increase, as for» 
a car picking up speed, it.is acceleration, when that of decrease," 
as for a.train; slowing down near aj station; it is ‘deceleration’ or! 
retardation. «Mostly: inout discussions, tacceleration © would: mean: 
increase in. linear velocity ;i.e. motion: along; a: st: Jine). 

- Am ‘acceleration «is constant ‘or uniform when the 'vélócity^ 
changes :by equal; amounts in equal intéivals of! time however small ' 
the intervals may be. Like velocity, acceleration may be’ average or 
instantaneous. Yt may as, well, be variable but. we „shalt not 
consider them, , Deceleration or retardation is negative acceleration, , 
velocity diminishing with time, nào Ai atom à staomtib a 

Remember ‘since (i) ‘speed’ is’ a part of velocity (magnitude) its 
may (be Constant: with variable (when ‘direction changes) Velocity’ but! 
never thé'other way about. Again ás (ii) ‘acceleration is time rate” 
of-‘chatige of velocity either in magnitude or in direction, a particle’! 
may have zero: velocity “with acceleration! (when ‘a moving. particle 
just’ reverses’ direction) ‘and’ zero acceleration’ with velocity" Gor! 
uniform dinear? velocity). Further, deceleration.'béing negative’ 
acceleration "(iii)" a^ particle’ may “have oppositely directed velocity” 
and acceleration, as in a swinging pendulum or vertical ascent of a? 
particle, (iy) acceleration is a. vector as it includes both velocity and 
displacement. : rt 


Hh 


5 had 
1 il 


yfe emalder diiw noil 

Unit: As acceleration is fimé faté''of "changé: of velocity and: 
velocity. again, time, rate o. change, of position, the, unit gf ine, "ET 
occur twice in its unit as m/s, cm/s", ft/s? CIC. 10.12 neum of 

Symbol: For a very very long time, the symbol.-bad: beemi 
f. But we shall be using the. symbol, a. instead, for. that is the 
recommendation of International Commission. for Symbols, Units 
and Nomenclature. Foreign authors andi(those’ dncother states) Tof 
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India have taken to using.a : letus also. do: so. -So; thesinstantanéoug!) 


acceleration İS tous 


2 B. 


iavérothirolderiy y- db s d ds] dta: ol) ci A a 
B MM aeger join ae OTHER 
Oven ow SIT. "x8 qu od i 
Its dimension is thus LT-2. Amino! 


1o D. Momentum. is:a ‘useful’ concept in^ thé’ relation’ Between force 
andomotion. tiiis measured by the product of The ias of a body 
and) its; velocity: (To idistinguish it from angulal thomiénttim (I-6.2) 
it.isqproper ito call it the linear momentum). Consider a' cricket ball 
thrown ;softly-;- it will be easy to stop it." But ‘when’ hit hard, it is 
much more. difficult 'to;stop." In the latter!case èig ‘has a larger: 
momentum. Astone softly thrown has not much ' destructive “effect, 
But. when thrown. very hard.it may break open: your forehead ie. is 
much,more,damaging., In the first case the; momentum. is: small! 
while.. in. the. latter, momentum, is much larger... verm ; rie 


motion, with.a force and. continue to exert ;the force for. some time 
tilly the -body, stops... Production or,removal of a.larger- momentum . 
requirés application }-of-.a larger: forcen for ia shorter’ time... or of, a 
smaller force 'for-a ,longer;;time... ... x LER noBasis 

Pn concept of Thohientum is of particular importance ff connecc 
tion with problems on blows, and action and reaction between 
Moving | bodies :(see..I-3:4B. and I-3,12). ~; n VEIRE 

iliw shit 3o.3inn sii oilibon 3 yg sarit. ni 

‘Unit : Momentuni is „mass x velocity. So it is. measured as 
1 kg m/s in SI or mks System, as g cni/s in cgs system and Tb-ft/s” 


"m 


in fp$ system nye st s uus. Us (0 t Foda 
ont »t 380) 30: sbestani lodigye am anion ad tea p 
sn Lgs ioi 8x 10* cm/s 105 g am, ^^ mae il 


"c Its dimension:is thus MLT-1, cris , 5 
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dl.  Kinematical Equations in, One, dimension or;Laws of 


Uniformly Accelerated: ^ Motian $ X. .« olin ttsr enolem uc em hive t 

(0° We'Gonsider the motion of @ particle along’ a straight line OAB 

Eig: dq 31) starting” with” a^ nig. dobteq  odf Jo: notwloc 
noH a.v valid 


velocity u from the point A ac- gr$o uu 
celerating uniformly with a and — utt ATT 
"10 $09)... ot: RAR With 
reaching a velocity v at B after (atn tin 
‘time f =at. av distance os and. , Y obsofgt "gig ia. i ont 
continuing beyond. Note that: vieni bos ize tat 
we are here concerned with! five quaptities amd, w we shall establish 
four algebraical relations, ‘each containing ToS of them. They are 
G) -gmw-Bativ. Gi)» S=So 4 ut-E atos ques a 
(Y) Si- Si. au gar 1) D t Mh 
‘@vysut at: By definition, a acceleration is given by 
“Change of Velocity toy =t! od) tot: à 
Time taken” ore apad Kdrs\) amit 20% bs 
v=u+at 11), Aena aeo L1) gas bas cs ETT D) 
(i) S=S_ + ut 4 ať: Refer to fig. BEDI ‘and | note that 
the particle at A is at a distance So iom the origin "at Ot “It starts 
from A with a velocity u and attains d velocity At Bi distance s 
away after time t Them the avetage vélocity between: A and B is 
4 (uc) and the distance S; it covers, is i 
Sisi oce Ma-rotur hase a, *(1-1.7.2) 
S om 7 5(04. $542=So Furt gat” ions dogs 
[ Samsad specimen question. 779 d gi eee ALN 
v (di) vy? =u + 2as ; This. relation’ is’ ‘obtained by elininatg 


t between the other two relations. - Thus | aun Vix. aM 
v? = (u+ at)? =" + 2uat+a* peut y paluti at), T 
=y * as. í 2 04473) 


$5 vs 
> Gy) "Distance "covered 'in à patticulani dr iab). second, ...At is 
"ida dy subtracting the distance” (OC)- tovered/'in a totalof 
(t= 1) seconds .. from that (0B)^ «Covered dn all thé t seconds." fyc x 
wena distance. covered inl; second, y, Pd b uz n 
., THUS Sj- Si e sosrut- gar? ]- - Lact Db “Dt 2 


e ds For appar 1) te bos smit jadw 319714 LOR 


KE ORA A We) rate) 
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10 EXE.) Gb ipatiiéle starting from rest Vavils' fusi Wiin Gijom accéleration 
a and then with uniform retardation b. If it 'stops 1 ses: "after it^slarts 'andccovers 
aj distance s then; show that; 2s. 1 [a4 | b). O 4X m od! 15bie:;o[H-; S; "70] 
Solution : Let the partide attain a velocity, v, (Biter, ts (p then stop 
after t, s, Then NUM Kad AA 
B BE dE and'ü-v-bu — ^ 4 7707090 ofi moi 


VIT Aw Q3) or =o? (ey. 


If again it Covers distances s, and s, duting the ‘same iritervals sù% 2as, and 
v= xs as it starts from rest and finally stops; =} 


"IDE ess M. w ML Ma iy 


-Ex. 11.3.) A car) accelerates from rest at d. constant. rate of .«: for. some time 
and then decelerates at a constant rate B ito come. to a stop, If-the toal 
time taken be t find the TTE velocity reached and the total distance covered. 

d. fisvig 1181519258. .troints! za sH © PLT ’78] 

Solution : Let the car accelerate for timet] from rest to. attain a Mveioeity of v. 

Jf then retards for time (t— —1) before stopping. ;Then 


Aiea 
I 


f | poat, and v=8 (1—1,) or «t,=8 (t-1,) 
M fi PriGorB) ESN 

„o Sot the maximum velocity attained | is v= e E «pr K Mai : e MD 
2 donk Again‘the total. pi covered is. niSét p "T > 
eg gesitsimietit e e eint tp BITA a" i M i 


aE =40(1- 0) ar NX : 


© Ex. 11.4. Two trains: are approaching each Eu with velocities vı and v, 
pom the same line. The drivers apply brakes when' they aré x “apart Producing 
decelerations f, and f, The "trains just’! avoid" colliding life si 

unig Sti m? fatest fimff aX 

Solution + Let the trains cover. d, and d, Respectively. m this cale deed +d, 
Now clearly »,? =2fıd,, and viaf d; i 


C thas e LE atus 
pup comm a tay pegtnth 

-. Hence the result A ed 
zi Probl () -An: express. train cmoying: «with velocity, .u, ds overtaking ,a; goods 
train] pmoving with), uj. along,'the same, lines. olf the; isformer. applies, maximum 
deceleration, f, and the latter maximum acceleration hy when at a separation of x 
show that (u,—u,)?= =M, +f) xis the condition for just ‘avoiding “Collision 

Q) A car A is travelling Aot a straight’ level "road at^ 60 mti.» as 

followed by! anóttier; B at 70-km/hr. | At (a separation. of 2.5 km, Bis decelerated 


at.20)km/hr®. After what time and at (phat Ay ir pate will B catch up with A? 
(Ans. ihr, 32.5 km). [L.I.T. *66] 


3211 


j 
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u JEX oS: |) ipartiole moving: with uiform acceleration’, coyers. a; distance s 
in timé:t; and st in Ci v Shows thats oin] sis enoitsupo ovodas fi s brs 


Jo 19d mun qu i forte Imnesltpiio mma 10 to qu Hind pisite) 


gniviab nienuluoIno 7o sau hf osnsH ^1 omit io elevrotart lema 
Solution : If the initial velocity of the particle be w REPL asso avoda adi 
s-ut4-i ft? and s--s'eu(t--t^)- f (C 0? à 


vn * 4*0 
s scura f (12 +2 pO i 10/5 e Oina Eg 
. s"]t'—s|t- f (t1), Hence the result. 
1d 9-993, 24+ osse dog ow gnitsigotal 


Ex. 1-1.6., A body.trayels 200cm; in the, first, two;sec, and 220. em. in the next 
four secs.. What will be the velocity at the end of the seventh sec from the start? 


pa. 0 E e 6a} 
Solution : From the givem data we shave 
200=12 4/3 f.4- ot uL-fse 10s. o — oS (St oret] SN 
and 420—643 f.36 or 11-3 f 70 
or f=—-15 em/s? and u=Ħ15cm]s ip 
v, —ü-4-fi2115—-15x 7-10 cm/s 


10 


Ex. 1.7. A particle moving with. uniform acceleration; covers „9425th; part 
of the whole distance covered, in the last second of its journey. If it had started 
from rest and covered 6 cm in the: first second how, Jong. and how. far has it gone? 

i ; y [ C. U. '68] 
Solution : From the given data - T2 
ez» 44:5 RISB OWL 0 ATA 

6-1 f (1)? or f=12 cm]s* Si-Sta=ts S, 

s. Df (t-test or 12 (r-1)—6t 


or y f=2(t-1) or 91? -50t+25=0 or (1-5)9t-5)—-0 Yit 
t=5 s the other result being less than 1, is unacceptable. 

Spat fe? -lóm ADU, 

Ex. 1-1.8. A bullet loses half its velocity. after penetrating 3" of a plank. 

Considering the resistance offered to be uniform how much more will it penetrate ? 

wir thin oi: 1O [Tripura H. S. 79 J 


Solution : Let the initial velocity be u, Then from the given datum 
ò Ihain nnb vH .D 
Geez rsa piata 
b.n aybi TO 
Then= m md NE V v^ : 

" G Mug i if axa = t; £ gaisigotal 
Problem : A bullet moving at, 200 m/s just pierce a 4cm thick 
Find the velocity it must ‘have to op Poe iv ade! ` (Ans. 348 m, 
ung ws F^ LRP. E. E. "67 ] 
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I-1.8. Graphical Representations sg | deductions of Kine- 
matical Laws : 


Motion of a particle, 
varying quantities connec- 
“ted with ‘it and their inter- 
^ relátions | when represent- 
°° éd "graphically? give us 
vivid pictüres of what 
/ happen. ' 
“A.” Displacement. Ré- 
ferred to a reference frame 
in’ "our case, plane carte- 
sian system, displacement 
Fig. 11.128 hr ofa particle from A to B 
enr cosa and from B to C and" 
‘back to A is shown in Wits pA 12, Obviously from co-ordinate 
geometry 
ABC GPR 90, TD), BOS GE zy EI 
CA m Gro) 4r S y.) aye 
B. Variable Velocity : 1. Dee ay Graph. ét a' police- 


man, ‘chase a run-away 


thief who. constantly ion UN ax E 
changes speed and. wa Soleo fon ww Aen 

direction inside a! mar-'* 29 l actam 

ket „place but ultimate- EA egt TRZ, 

ly s 'caught" up, say eee Ed 

after. 5. minutes and | $ ‘sor 


100.m.away, His path... -E so 
Of: flight. is. shown). in... AMI 
‘fig: 1:1.13We' cannot ^ oi i 

decide his speed” at! 
different points and so 
‘settle, for an. average. 
which is 100 m/s 


-A-594-2ML---- 


b 


4 g , 


2, 3 5 
at D 3 
minutes, or 20 metres i aba OE dA minutes, J Sonateic 
a minute. "Thé-points«-^ 0! - Mitul Fig, an 13 
d, c) AN. Tete; Bivelithet: 212 sona “sloitneg beerlesoe nh a" 


potas of badd changes, horizontal PKA "ines later tei inter- 
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vals of straight flight and the vertical ones his distances from the 
base’ line This. i$ an-example. of variable: velocity; where-w'and s 
are the variables. 


2.  Time-velocity graph. The instantaneous 'velocilies “Of a 
moving body at successive moments may be plotted graphically also 
against the time. atleast in. principle. and the points. connected 
together by a smooth curve. Such a line. is called... time-velocity 
graph. Let the instantaneous velocities at different times. be as 
follows : 4h ES V 

Time in seconds 0, y 159225. :8 A 5 

Velocity in m/s 2524 3^ 8357598 Cort 

Plot the time along the X-axis and the velocity along the y-axis. 
Join. the points so plotted by a. 
smooth line (Fig, I-1.14). This 
line is the .time-velocity graph. 

If the. velocity is uniform, 
the graph will be a straight line 
AB parallel to the.x-axis. The 
distance-...transversed between 
any two, moments will be given 
by. the area bounded by the 
ordinates for the initial. and f 
final moments, the graph and Fig. E144 
the x-axis. This statement holds even when the velocity thanges: 
with „time. ; Area, OABC gives the distance covered for uniform 
velocity (v) and area POCO that for the pinged variable velocity (v) 


While studying integration as a summation process (0:298) we had-seen that, 
taking dy=f(x).dx and m thé result 3, ad 7 Aqsa -ytHools 


“yah fenes p je 
a 


represents an area bounded by the curve, thé x-axis’ dnd pérpendiculars to the: 
x-axis from the end points of the curvé.. Im the curve'above; that process;has 
been illustrated. With. constant velocity. (v) the distance covered, i is the area 
obtained by summing up the elementary areas vir. For’ the Variable velocity 


we take v'as the ordinate’ and dr a argi! ‘small’ time ihtervalsiand sum up the 
Strips" ‘dt. Phas Y £E- od Disow noitstelsoon Sd T 


Distance covered with Mee oom (S)-Ewst and... « 
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Sit iol 2oonsicib eul zono Isoitisy odi! s gil idgimus jo z " 
ù HER covered with variable velocity v) &Area: PTS = f v'.dti 


, @ 


This approach will. be utilised į below to establish the baits kinematical 
¢auation. i 


5 " Born 
osea Coils Aécetraton Prise "tollvini agi illustrates a 
ase of ig acceleration, * 4 

^ Meum seconds ^ ^ (^ qe V UNI SPI oq 

Velocity in m P NA Ne OMe S nts 


a (3f00tt $2922916€ 


DNOS I 

The velogity changes by 0.5 m/s ery second, This is expressed 
by saying. that the acceleration is Q3 metre per second per second 
or 0.5 m/sb or m se In all” ‘expressions of acceleration the term 
“per EON occurs twice, because the pnit ot time 1 is involved twice 
: y .in ‘Such , expressions, 
o l 20. PASEU in the | vefo- 
: Riana city, and then again 
^im the rate of change 
of ' velocity: 1[Sée 

.. -1.6.3C: units] 
^5. The time-velocity 
.. _ graph of the values 
im the above table is 
`? shown’ in fig. TEB. 
—:5. — e. It is the straight line 
S erem cui Leg o AGERET ARN ay. 
dou Fig. ELis 701704 Tem ON celeration is" eon- 
dei stant, the — time- 
aoa An graph will be a stinighis line, sloping. upwards, when 

Positive. 


The distance gone over between O'and 6 seconds is area OABPO 


oo ee rectangle; OACP+ AABC = :OA x OP+ AC x BC. altes 
‘areas: are eje) x 6s--3(6sx 3m/s). =12m+9m=21m n 

Mf again.; the velocity. diminishes i uniformly. from 8 m/s to 2 m/s 
hs: '2:seconds the: deceleration would be (8m/s —2m/s)/2s = 3m/s-*. 


The acceleration would be —3m/s? and the Hd ah; is 
A straight line (BE) sloping downwards, iA A 
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Ex. 11.11. A car starts from rest on a^ straight: tack with an-acceleration of 
2 m/s*, .After it has reached a speed of, 16, misst į (MOYES fer. 40 qeonds with the 
velocity it has acquired. It then decelerates at 8 m/s? until it stops. Fnid how long 
it, has been on the move. Draw the time-velocity gra graph. (gr. different, Parts of its 
‘motion. From the area of he curve calculate „the aianct À de as moved. (ICSE) 

Solution. The car accelerates from rest DN T velocity oF 56 ats "dés the “rate 
of 2 m/s. Hence the time taken is 1, &d6. mis amin 8s. gin the next stage 
of uniform motion the time 4,=10s (given). In decel eration, the time 1,716 m/s+8 
m/s?=2s. The total time the car has, ERI is pon tS UT 
(8--10--2) 5—20 s. 

To find the distance moved, draw the po Bi graph as shown. Note 
that for the first 8 seconds the: velocity w a 4,084 OA = 
increases uniformly 0 to 16 m/s. For the i 
next 10 seconds y=constant=16 m/s. For 
the last 2 seconds, v diminishes uniformly” 
by.8 m/s per second. 

The distance traversed is the area under 
the line OABC. We can divide it into" 
fhree parts, namely, the triangles OAD and 
BEC and the rectangle ABED. With the 
values of y and t as known for the different 
arts fhe total area = 2X8 X 16-16 107-3: 0, j'6s anomie hess 
xax 166 64+ 160+ 16 in (m/ sxs). junit: 


inite off} bó MOVE MON, Oy 
"that b E meters. Answer : 240 m Y j 
iE 


—— 


v (m/s) 


ic yt25n 


; Complete the.same result from ‘the trapezium OABCO. [See ( 6) 
below ] 


D. Derivation of Kinematic Equationsizos:i) igote 
ig , (a) Proof of y -u-at. „Referring; to. T I-1.15.we find that 
att = 0; vo =2m/s; at.£els »,=2+0.5=u+a, at t=2s, veg=2 
0.5 2=ut-2a, att = 3s, ap = LEO etc. So we may 
by extrapolation say that att=t i 
i wool) U=4taty fo PB-PC4ÁCB |, a 
k „Note that for a straight line the relation yec+inx. _- 
ds similar i in form where am, the slope of the ovs£^ straight line 
and u — c, the constant intercept on the v i.e. y-axis. 
o (b);Proof of.S-ut--af': In discussing figs It-14. and 
1-1:15-we;'have:;noticedhow!the distance covered by an accelerating } 
body may be ‘found: by: graphically finding an’ area: “Now refering 
fas fig. I-1.15 we observe that ` 
77778 2 Area" of the trapezium OABPO - ©" 
“= Y (um of parallel” sides) x perp. Gistálice" ivi tin 


zora 182 8 101 (A) dq inomooRiqeih 
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Qo mnobhoisis =) XAO"-FBP)X OP: " i o" Bini xL thn. 
2 ler epa erede sar n sAGRIS aii 


23) (c) Proof of wou" Zas. From aj ri. " note that the 
trapezium | OABD has an area 


je31 


‘Se (Ao -EBpj x OP = = (A0 +BP) xAC 
= "ino Time cx BC 
~4ao+BPyAC C x (BP xPO) 


| ' 
ER = tic (0-9) 


-6eko lou 


| | J. vi—u?=2as Ww aaa 

D histones Velocity’: Te! shag Heth stated diveay 
that Newton invented the infinifésimdl’ or. differential calculus when 
investigating. the question of finding the limiting value of the ratio 
“AS/At ie instantaneous’ velocity. ' in’ fig. TiTe is plotted" a time- 
displacement graph (A) for a car moving along a busy thoroüghfare 
but in a constant direction. and forced to change: 'speed-at ratidom. 
jed) The distances covered! in the- ‘same time-interval ‘is different at 
$ i H ‘different iüstants.. The ‘ratio 
? sU o9 OSE D veg CU ^f As At ‘which gives. the ave- 
OD idis ^ ‘rage’ velocity over’ Asmal] äis- 
JNOT- 83 "ance! Asis clearly tan @ i.e. 
= p^ on thé gradient of the fargent of 
"the ‘Curve, "say! dt à point B. 
qose this gradient at diffe- 
E. E ioe y! rent points is different ànd so 
umdassisoon THANE boss gti—eaaiei) orithe»velocity:is- variable ‘and: it 

^ wor FigeI-.16; ambn vts: reque Aero t. y 


For the curve OP, visuel is. the. same, ‘the pA Boiidding 
,,Mith the, curve. itself and. so it represents a, constant, velocity. 
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F. Instantaneous Acceleration: Let us again consider the 
same motion of the car where instead of displacement we 
plot velocity (fig. I-1.17) i 
clearly variable, and the 
cat actually stops momen- 
tarily at C. We consider 
two points A and B when 
the car is accelerating and 
another pair E and F when 
it is. decelerating non- 
uniformly. o 


dv Velocity 


taati Osti Time «^ 


Clearly the average ac- i Fig. 1-1.17 

celeration between A and B wail be DB/AD = tan $ = Av/ At. 
Similarly. the average deceleration between E-and F will'be —EG/ 
GE = =8)/st=tan $’. Now let B approach A. “As the interval 
Ai diminishes the chord AB turns and finally in the limit becomes 
tangent at A at an angle 0 to^ AD ie. Av/At > dv/dt, the 
instantaneous acceleration at A. We may similarly develope the 
case of decleration at F becoming —dv/dt from `— 8v/8t che $e 
being.greater than iz, tan é' is negative. 

As before OP represents constant or uniform fone i as does 
AB in fig. I-1.15. 


; «dl 
Ex. 1.12. Two particles start from a point simultaneously and move parallel 
to each other in the same direction. The first moyes all along with a uniform 
velocity of 40 m/s; the other starts with 16 m/s and accelerates with 6 m/s*. 
Find when they meet again. " [C. U.] 
Solution : Let t be the required time and s the distance civered by. either. 
Then we have, . : » 
Ws 00 Sevtand sut F4 atè or 401=161+30 or (31-201-0 
+} t940 and hence we have (—85. gi y 
rit 
Ex. 1-113. A rain starts accelerating pales) dta at, mm from ges. A 
person 9 m behind immediately starts running at full speed and just catches the 
train. Find his speed.. LJ. E. E. 7] 
Solution: Refer to fig. I-1.11. Let the man be’ at'O and the rear of the 
starting train at A. and again at.B when the mam catches up with. it... Given 
OA-9m. Let AB be sm. Then from the given data. .. (des S 


S—ix2x1* and S+9=vt 3002. | ! 


26 MECHANICS 
or S=t? and ft?—vt+9=0 
„| patt Nago 


Now for t to be real, v*-3620 .. v=6 m/s. 
“As it has been stated that he Just manages to get in with v=6 mls. 


Problems: (1) A policeman Tunning at u m/s sees a thief x m ahead and 


gives chase with a constant acceleration 'of « m/s. The thief starts off with an 
acceleration of 8 m/s?. Show that the thief will be caught if 
x2B or «<B<(a+2 u?/x) n 
[ Hint: Sp=ut+3<t?;  Sp—Sp—x=4 gn. Subtracting xut +3(«—A)1? 
. Or («- B)t*--2ut—2x—0. Solve for t ] 
(2) A bus starts, off. with an acceleration of 1 ft/s?, Show that if a man can 
run at 9 ft/s he can not catch it if he is morethan 404 ft behind. 


Ex. 1-14.14. The displacement of'a particle x m; is related to the time taken by 


the equation ts=/x+3. Find the displacement when y=0, and displacement and 
acceleration after 6 s. $ 


[I. L T. '79] 
Solution :. From the relation given, we: have 
b de Lue à 
WU or ah dai x 


So when »=0, displacement x must be zero. 
Again displacement after 6s must be given from 


Nx=1-3=6-3. .. x=9m 


: de d jas gx d 
Acceleration a EPA Q Jx)=2. Tadi 


"Ux 2 Jx=2m/s* 


This is a const acceleration. 


_of constant acceleration, Th 
to the surface of earth, 

The acceleration with Which a 
the earth is called the acceleration 
the symbol g. [Do not confuse it with the symbdl” 


Em 
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g is 9.0 m/s* 980 cm/s’, or 32 ft/s "in "numerical problems 
unless some other value is given. ro «n 
Equations of vertical motion under gravity: When à body 
moves under the action of gravity, its motion is determined by 
the equations obe 


v-usgt peek apa on 
h=ut +h gt? RUN AY. 
v? —u* = & 2gh st 149:3) 
hn- hnc, = ut $Q(2n—1)>- iov bsr(1.4) 


h is the vertical distance travelled from the starting point in the 
direction of u. We have put h for s and for a in Eqs Li to 
1-1.74. No 

The plus sign is used for falling bodies ; the minus sign for bodies 
thrown vertically upwards, This is so, because during upward 
motion, the velocity and the acceleration are opposite in directions. 

A. Free fall under gravity. When bodies | fall from rest, 
uw=0. The equation of free fall from. rest under’. gravity then 
reduces to i y014 j Lot 

h=igt à (1-1.9.5) 

h is positive downward and proportional to a n:i 


If projected vertically downward with an initial velocity’ ú, the 
equation will be ar. 
` hz-ut-- Agf*: (1-1.9.6) 


B. Maximum height of ascent. A body projected vertically 
upward gradually loses speed as it rises. This is so because it is 
decelérated by gravity, which is directed downward... For upward. 
projection, h and 4 arë positive while g is negative. <The speed 
gradually falls to zero ; it is then at the topmost point of is rise. v, the. 
velocity at the topmost point, is zero. Not here, velocity is zero but 
acceleration exists. Thereafter it statts moving downward. 


If u is the initial velocity of projection, and H the maximum 
height of ascent, then from the relation v—w= —2gh, we get 
Q—ut— —2gH or H=w]28; 10 (4.9.0 


Ad 
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(C. Time for ascent. How long does the body take to rise to 
its maximum height? If T is this time, then. from. the relation 
v-—u— gt, we get 

0—u—eT or T—uJg. (I-1.9.8) 
It is easy to show that the time for ascent=time for descent. The 
time T, for descent is the time required by the body to fall from 
rest through a height H=w/29. Then /2g=12T! or T,—ujg. 
This is also the time for ascent. 

D. Two values of time to reach the same height. When a body 
is projected vertically upward, it will be at a given point of its path 
at two moments—once during rise and again during fall. Since for 
upward projection h—ut—1ef we have tef—ut+h=0. "This is a 
quadratic equation in f. Solving for t, we get 


ratty ut — 2gh EA (1-1.9.9) 


g 
h must be less than the maximum height of ascent H —u*/2g. 
E. Same speed at the same height during ascent and descent. 
A body projected vertically upward: will- have: the Same speed at the 
same point of its path while going up and coming down. © This 
follows from the relation v'—ui= —2gh. N- 
j Of vo-tJu— 2g (1-1.9.10) 
The plus sign relates to the upward velocity and the minus sign, 
to the downward velocity. 


y-xe dox to te t 
; 2gx.t or RE d 


Now h—y=3 gr 21g O22) L hx 
Ow h—y-z gt iem Mol 
"Res 0 —-3)* x) hey (ery) | 

e 4x Y m Rd Ist Ese 


SM 
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Ex. 1-1.16. A heavy particle is projected vertically upwards from a point Q 
so as just to reach the point P and at the same instant another ‘heavy particle is 
dropped from rest from P. Show that the spaces passed over would be 3:1 but 
velocities equal and opposite. [C. U.] 


Solution : Let them meet at a polt N in between P and Q. Let PN Y 7x and 
QN+=y. Then if / be the time for the second particle to fall to N from 
P and thé first to rise to N from Q, we shall have ` 

x-y-igi* and. y=ut—}gt? 

u being the upward velocity of projection of thé first particle. Then 

(x—y)+y=x=ut or t=x/u 
Now the downward velocity of the particle from Pat N is 

v,=gt=gx|u 
Again the second particle just rises to P so ‘that QP. is the maximum height 

or 0=u?-—2gx or u?=2gx 
Tnen at N the upward velocity would be * 

v4 =u- gt-u—(gx|u)-(u* — gx)/u 
-dex-gx gX 
u u t A 

We find then at N the’ velocities upward and downward are equal. Again the 

height descended by the particle ‘from P to N is | 
x—y-igt? -igx?[u* . 
and: the height ascended by the particle to, N, from Q is 


y-ut—igt*-x- 


P u” Zu 


20 1:38Xx*:gx* 341. j 
X=y 2u* ` Tu” 


1g(/%?\_2u*x—gx*_2x.2gx—gx_ 3gx* 
ue 


Ex. [-1.17. A particle takes t s to rise vertically through a height h. It returns 
tas later to the ground. Show that h-igt,t,. [ H, S. '65, '69] 

Solution; If it be projected with an upward velocity of u, then 

h=ut, -$gt,? 
Since it returns to the ground (t, +1.) s later we write 
~ O=u(ti +t,)—# g (t, +h) 
If we take u as +ve we are to regard g as'—ve. From the two relations 
Hilt, )u—àgt, and u-ig(t, +t) 


pos 
n uo 13)—81, let, 


6C -dgts. 
Ex. 1.18. From a balloon descending with 20 ft/s a body is released and. 


it reaches the ground in 10s. Find the velocity with which it strikes the ground and 
from what height was it released? (g=32 ft/s) [B. H. U.] 


Solution: 1f e be the required velocity then we have 
v=u +gt=20+32 x 102340 ft/s l 


"| 


: 
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xx 


If h be the required height then 
a (di ut +48t? 20x 104-16 x 100= 1800 ft, 
jy Ex. 11.19. Two stones are thrown upwards together. A rises 112 ft more 
and returns to the ground 2s later than B does. Find their velocities of projection. 
(8=32 ft/s?) 
“Solution: Let them be Projected with vertical velocities u4 and up 


hy Mat Me? uat ue? Ao f (gi 
Then h4—hs SrWÉC S 6 12 ft (given) 


—T zM4 Un. u4—up . i 
and T4,—T ^X 3 1s (given) 


Thus u4 —ug —32 ft/s and (4a? —u5*)-112x 64 
Dividing the second by the first ua ~us =224 ft/s 
++ 44-128 ft/s and us=96 ft/s. 


Problems: (1) How far will a body fall from rest in 5 seconds ? Take g=9.8 
m/s.  [Ans: 122.5 m] à 


" Q) If the.same body, were projected downward with a velocity of 10: m/s, 
how far would it fall in 5 seconds ? . [Ans: 172.5 m] 


G) A body is projected vertically upward with a velocity 'of 20 m/s. Find 
(a) how far it will rise, (b) how long it will take to reach to topmost point. Find 
also when it will ‘be: at a height which is half.of the maximum. What will be its 
velocity then? *- 


[ Hints: (a) v=0 at the top. Put v=0 in v'—u*-— —2gh and find h. 
h-(20x20)/(2 x9.8)m. (b) At the top u—gi=y=0, This will give ¢ in seconds. 
' Half, the max. height is about 10.2 m. Find ¢ from the relation 10.2=20/—4 

uL LT You ¡will get two values. Of í. The shorter one is for ascent, and the 
onger one, for descent.] f 

(4) Two stones are projected from the top of a tower 100m high, each with 
a velocity of 20 m/s, one vertically upwards and the ‘other vertically downwards. 
Calculate the time each takes to reach the ground and the velocity with which each 
strikes the ground. : \ (I. C. S.C.) 


[Ans: Upward velo.—48,59: m/s downward ; time = 7s Downward : 
Velocity same ; time =2.92 s nearly.] 
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T21. Scalars and Vectors 
In course of your studies, you have come across two classes of 
quantities, namely scalars and vectors. Mass, speed, time, volume 
etc. are physical quantities that require magnitudes only to specify 
them ; they;are said to be.scalars. Again another class of physical 
quantities, like displacement, force, velocity, require directions to. be 
specified in addition to. their magnitudes ; they are vectors*. 

A scalar can be uniquely represented by a quantity with a unit. 
That a: mass is 10:kg provides, a complete. description. A car) is 
moving at 50 km a hour completely describes its speed, nothing else 
is needed. In them, 10 is the magnitude in kg units, 50 is the magni- 
tude in km/hour. But a vector needs a direction to be specified as 
well. Take a simple example; your school must be in a certain 
direction, say north-east from your home. You require half an hour 
to go there, two miles away across a large field. Your velocity is 4 
miles an hour in the N-E direction. 

The mathematical processes like addition, subtraction, multiplica- 
tion, division, involution, evolution etc. are not always identical for 
scalars and vectors as we shall see; e.g. scalars are added algebrai- 
cally; vectors geometrically ; multiplication of two scalars gives just 
one product, whereas multiplication of two vectors gives you two, a 
dot product (involving cosine, of their included angle) and a cross pro- 
duct (involving the sine of their included angle). 

We shall later come across scalars like power, work, energy, tem- 
perature, potential etc. and vectors like torque, momentum, magnetic . 
moment, e.m.f.,, electric current-density, field intensity, flux ete. 


Læ Thé word comes from the Latin word Veho (—1 carry) which clearly includes 
án idea of movement in a certain ‘direction.’ In olden days, vector or'radius ‘vector 
in astronomy, ‘meant the imaginaty line joining the moving planet to. the, sun. 
The orbit being an ellipse according to Kepler's 1st law, this radius vector continuously 
changed its magnitude and direction. Because of this twofold change in nA 
and direction, they came to be associated with,a vector;, ^ : 
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Use of vectors provides a particular mathematical operation only. 
It enjoys two particular advantages over others, namely 

(1) Vectorial. expression of physical relations (i.e. laws of phy- 
sics) is ideal, for it is independent of any co-ordinate system, 
7^) Vector notation is short. Laws of physics thus expressed 
assumes a clear, transparent easy-to-follow form ; expressed in some 
definite co-ordinate system the same law loses clarity, as it becomes 
cumbersome, 


iow Geometrical Arithmetic : 

"In discussing vectors it pays to develop the habit of thinking of 
numbers graphically:or in terms of co-ordinates. So we try to give 
you first a' geometrical picture of natural numbers, 


"In the Cartesian’ system XOX” is a hórizontal straight line and 
Said to be the x“lor the real axis; The line YOY’ is a vertical line, the 


B FAR 72.71 o iuQ.2 P.3.. 4 5. 


REAL AXIS — 
23 C3)5-1 
Fig, I-2.1. 


Y- or the imaginary axis.’ These names will be clarified: when you 


Study Complex Numbers. We consider now only the former on which 


any point O may be taken as the origin. On this line mark 
points 1, 2;.3.....:etc. to the right from O in any unit, say cm; to 
the’ left’ of O” let there be similar markings: —]; 2, —3.....etc. 
(Fig. 1-2.1): Consider the line extending both »ways to infinity. 


, The connection between real numbers and geometry lies in the 
fact that—on this straight line theré is a definite point correspond- 
ing to any and every real number : each point on the line represents 
a real number. Mathematicians term this fact as One-to-One corres- 
pondence. For, example, the. number 2.45 would lie 45% of a cm 
to the right of the point (P) marked 2; again we shall indicate by 
Q, the number 4/2 (—1.41) placed.to the right of the point marked 
T'by 41% Of a cm and to the left of 2. Thus every geometrical point 


* For'the more inquisitive’ student. May be safely omitted: by: otthers. 
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on the line would represent a number." Their values would equal the 
distance of their representative points from the ‘origin; the--ve 
numbers would lie to the right of O, and — ve numbers to its left. We 
may consider the real numbers (integers, say) to be a swarm of birds 
perching side by side on a telegraph wire. 

2+3 makes 5. To add geometrically we move 2 divisions to the 
right and then 3 more divisions—which is 5 divisions to the right 
of O. To add a+ve number to a—ve one [say 2+(—3)= —1]. 
we move first two divisions to the right and then from there, 3 divi- 
sions to the leit, ending at 1 division to the left of O. To add two 
negative numbers, —3 to —5 we moye 3 divisions to the left and 5 
divisions more ending up at 8 divisions to the left, indicating 
—8. Decimals and fractions may be similarly added and subtracted. 
These results reveal a, formal property of algebraical addition—the 
commutative law. This law states that the sum. of numbers remain 
unchanged if the sequence of numbers are reversed (e.g. 3+2= 
24+3=5 or at-b—b-a). | : 


Multiplication is repeated’ addition e.g. 4X3=4+4+4= 12— 
you move thrice successively, 4 divisions each time and end at 12 
divisions to the right of O. Again for a division which is subtraction 
repeated, say 8-4=8—(2+2-++2)=2, we move 4 times successively 
. to the right, 2 divisions at a ‘time and then return by 2 divisions 
thrice, to end up at 2 divisions to the right of O. 

Another property concerning algébraic addition and multiplica- 
tion is the distributive law stating that c(a+b)=ca+cb ; i.e. reversing 
the order of multiplication does not affect the final result. It can 
be cleared up from this standpoint aiso ; e.g. we move 2 divisions and 
3 divisions successively and again 2 and 3 divisions finally reaching 
10 divisions. to the right. If we again move 2 divisions twice 
successively and then again 3 divisions twice we move over 10 divi- 
sions as before. 


Thus we translate the abstract idéa of numbers to a concrete pic- 
ture through geometry. A physicist conceives a number in three 
steps, first the abstract magnitude, second its geometric representa- 
tion by a point on a line and its distance from a chosen origin, provid- 
ing a concrete picture and thirdly à measurable physical quantity. 
The numerical value of a physical quantity, gives not only its 
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magnitude but also. states that it obeys the commutative. and 
distributive laws. 


1-23. Vectorial Arithmetic or Algebra : 


We see then, numbers can be added or subtracted by moving to 
the right or left along the x- or real axis, 
Suppose now you move 3 m eastward and 
‘then 4 m to the north. How do we add? 
As before we choose an origin O from 
which we move 3. divisions along the . 
X-axis as before and then 4 divisions üp- _ 
wards parallel to the y-axis to P when our _ 
displacement the shortest distance, is OP 
measuring 5 units and at an angle of 
52.1" north of east. Hence in this new 
process of addition, distance and direc- 
tion both are relevant and hence for the 
Fig. 1-2.2. _ Straight line giving the sum, both magni- 
tude and direction are necessary. | This 
directed number System belongs to vectorial arithmetic or beiter, 
vector algebra. The resultant displacement is indicated by arrow- 
tipped line segment OP as shown in fig. 1-22. ` 
Hence a vector is represented by a directed line segment of pro- 
portional length drawn parallel to it, with an initial point (O) and a 
terminal or end or final point (B), arrow-tipped near the end point. 
Just as a number may be represented on a straight line along the 
x-axis by its distance from a chosen origin, a vector may be repre- 
sented by an arrow-tipped line segment joining the initial to the 
final point. Just as one to one Correspondence exists between a 
: number and a point on the line, that also exists between a vector and 
the directed line segment. This latter is the pictorial representation 
of a vector. 


| Like. a, number, ~a. vector is a mathematical entity, a way of 
„representation. To the physicist, the vector is a very convenient 
tool to describe the physical world. Many physical entities like dis- 
placement, velocity, force, momentum etc. cannot be fully described 
by numbers alone—they behave as vectors do viz, their resultants 
are similar to those of vectors. Scalars are those that behave like 


; , 
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numbers ; e.g. 2 g mass added to 2 g of mass gives 4g but adding 
2 dynes of force to 2 dynes may result in any value between 0 and 4 
dynes, depending on their directions. We say force behaves as a 
vector does. 

Vectors like scalars, embody three ideas—an abstract mathematical entity, a 
concrete or real geometrical representation and a physical. quantity. For scalars, 
geometrical representation is attractive but not essential; for vectors it is a 
must, Vectors are those that obey vector algebra i.e. vector laws of addition. But 
all quantities with magnitude and direction do not always follow this law. For ex- 
ample (1) Velocity behaves like a vector so long as it is much smaller than yelo- 
city of light, but not when close to that value (2), a rotation has both magnitude 
and direction but addition of two finite rotations do not obey law of vectorial addi- 
tion (3) moment of inertia (1-6.8) is a very important entity in rotational dynamics 
which is mot a vector though possessing both magnitude and direction ; it is a 
tensor. All physical quantities with magnitude and direction then do not 
behave as vectors do. An inifitesimally small area is a vector, not so a finite area. 

I-2.4. Representation of vectors. This may be done in three 
ways, namely, (i) by line segments, (ii) by components and (ii) by 
coordinates. 

A. In representing a vector by a line segment, a straight line is 
drawn parallel to the direction of the vector. A segment of the line 
is chosen to represent the vector. The length of the segment is made 
proportional to the magnitude of the vector to some convenient scale. 
The length of the line segment which represents unit magnitude of 
the vector is called the unit vector in the given direction. An arrow- 
head is put on the line segment to indicate the sense in which ( i.e. 
the side towards which) the vector acts along the line. We have 
already said these above and yet re-emphasise. 

To represent a force by a line segment, we have to consider ihe 
point at which it is applied, and also the magnitude and direction of 
the force. The point of application of a force is represented by the 
point from which the line segment is drawn. The line segment. is 
parallel to the direction of the force, and its length is proportional 
to its magnitude. For vectors like velocity, acceleration, momentum, 
etc., we represent them by line segments of appropriate lengths drawn 
parallel to the directions of the actual quantities. ehh 

When a line segment AB represents a vector and the vector acts . 


Wa 
from A towards B, we write the vector as AB, putting an arrow- - 


"ga : ur : 
head above AB. BÀ then represents a vector equal and opposite to à 


* 


A 
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AB. In AB, A is the initial point of the vector and B the end 
point. In BA, B. is the initial point 
and A the end point. 

B. Representation of a vector by 
components can be understood from 
fig. 1-2.3. Suppose a vector A* acts 
along the line DE in the sense D to 
E. the line segment OA represent 
this vector. With O` as origin draw 
a line OX as axis at any angle 

to. OA. Draw another line OY as the axis perpendicular to OX in 
the same plane as OA and OX. 
Let OB be the projection of OA on the OX axis and written as 
4, Then 4, - OB - OA cos 9, Similarly the projection A, on 
the OY axis is 4, - OC- OA sin 5. We thus get the magnitude A 
of the vector A as 
A- 4, +A,? (I-2.4.1) 
Besides, the cosine of the angle between OA and the OX axis is 
cos 0— A/A; A,[A is the value of the cosine of the angle between 
OA and the OY axis.’ So, if we know the values of 4; and A,, we 
get both magnitude ‘and’ the direction of the vector A in the 
reference frame (or'co-ordinate System) which we have taken. A, and 
Ay are cailed components of A in the reference frame chosen. 
Above we have so 
chosen the plane of the 
axes, that it contains the 
line OA. But this is not 
essential. We may draw 
through O any three 
mutually perpendicular 
axes OX, OY and OZ 
(Fig. 1-24); Let the 
projections of OA on 
these three axes be'res- 
pectively Az; A, and : Fig. I-2.4. 

* Vectors are Printed in thick, capital letters, such as A; B, P, Qetc. To 
represent its magnitude only we write A, B, P, Q, etc. [that is, we use the italic 
—— @lanty type]. Another way to write the magnitude is (A |, |B] etc. 


rd 


oLT------- 


Fig. 1-2,3. 
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A, If the angles which OA makes with these axes are x, 6 and v 
respectively, then cos « — A,|A, cos 6 = A,/A and cos y= A,/A. Also 
A? = A? -- A? + A5*. 

Ax; A, and A, are called the components of A in the reference 
chosen. We thus find that when we know the values of the compo- 
nents of a vector (in a tri-rectangular frame of reference)., we: know 
both. the magnitude and the direction of the vector. The triplet of 
numbers Az, Ay, A, completely defines the vector A. (So, while a 
scalar requires only ore number to represent it, a vector requires 
three). OA is a‘said to be the position vector for the point A. 


Ex. L2.4: A balloon when released rises 25 m while moving 8 m to the east 
and 15 m to the north. How far is it from the point of release? 
Ans: From the figure observe that 
Ans. From the fig. I-2.4a observe that . 
OC? - CB? - OB? - CB? -(OA? - AB?) -25? 4-8? - 15? 
=914 m° E^ OCs =32.2 m 


» QUX2;yoZ2) 


Fig. 1-2.4a Fig. 1-2.5. 

C. Representation of a vector by coordinates follows from what 
we have already said. For this we require the coordinates of the initial 
and end points of the line segment which represents the vector. Let | 
the coordinates of the initial point (in a tri-rectangular. coordinate —. 
system fig. 1-2.5) be xı yi, Z» and those of the final point X» Y» Ze — 
Then the components of the: vector A will be as follows:. 

Ag m Xa — X13 Ay=Va 73h Ay= Zar a; via Ae 


-A 
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The magnitude of the vector will be 


Ami x et Ts —J1)* + (z, —2,)? 
If x, 8, y be the angles which the vector makes with the x-axis, 
y-axis and z-axis respectively, then 


cos *=A,/A= (x, — x1)/f(xa —x1)*-F (a —Y1)* - (Z5 2a ctc. 
If the x-y plane contains the vector, the z-coordinate will be zero. 


I-2.5. More Facts about Vectors: 


(i) Collinear Vectors are those that lie along the same line or 
parallel lines irrespective of end or terminal points, magnitude or 
direction ; for example in fig. I-2.6 (a) p, q, r and AC, BD and CB 
are two collinear sets of vectors. Remember then P, qd, r may not 
be in the plane of the paper and neither in the same direction. 


o 


A A 


? D 
(a) (b) 


Fig. 1-2.6. 

Vectors will be considered equal only when they are of same 
magnitude and same direction. AB and DC are equal vectors (fig. 
1-2.6 (b) but not so PQ, PR though they are equal in magnitude. 
Again PR KL for though of same length they are not parallel. 
But PQ=KL. 

Vectors equal in magnitude, parallel in direction but opposite in 


sign are said to be opposite e.g. AB and CD (ic. DC reversed) in 
the last figure. 


^ Null vector is one of which the initial and final points A and 


B or C and D coincide. Symbolised by 0, it is taken to be collinear. 
to any vector. 


(ii) Unit vector of any given vector is a line segment of unit length 


__ but parallel to it. In Fig. I-2/7(a) we note a the vector has a magni- 
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tude a and unit vector r- of unit magnitude. A vector, in: common 
with all other physical quantities, must possess a unit and magni- 
tudé—both scalars. In 
addition it-has a direction: 
Hence if a vector be divid- 
ed by its magnitude we 
are left with a direction 
and unit  length—that 
gives the unit vector. As 
shown: in fig I-1.4 a 
space vector OA may be 
a directed line segment 
with three components 
Az, Ay, A, As its unit vector is parallel to OA it must also have 
three components. In Cartesian system they are. designated as i,j, k 
[fig. I-1.7(b)]. They are of great help in resolving. vectors (I-2.7). 
It also helps in multiplying a vector by a scalar e.g. vector a=ar 
where | a | or just plain a, is its magnitude and rq its unit vector. 
Whatever the value of a or its unit, the vector arg will always be 
acting parallel to r, hence a unit vector is said to be an operator. 


Fig. I-1.7. 


Gii) Localised vector is one with'a definite point of application. 
If on a body moving in a straight line, the point of application of 
the vector moves in the same line, the motion does not change. But 
it does change if the point of application of the vector shifts. Such 
localised vectors are important for rotation parameters like moment 
of forces and couples. 


(iv). Vectors and Co-ordinate system. Though we have used 
co-ordinate systems to 
represent vectors, they. are 

in fact independent of the 
co-ordinate system chosen. . . 
In fig. 1-2.8 let OP (=n) 
represent the position — 
vector of P with reference — 
to the OX-OY co-ordinate | 
system or reference frame. | 

7 Let the frame rotate about ai # 
hoger ane t) anticlockwise to take up | 
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the OX:-OY, position. Then P has co-ordinates (x, y) as well as 
(x Jı), though OP has. not shifted. Clearly =x y =x +y 

This means that the vector r represents a related..pair of numbers 
(x, y) or (xı, y), co-ordinates respectively according to two co-ordinate 
frames, one obtained by rotating the other, . Since there can be 
any number of such rotations, as many pair of numbers are possible, 
each represented by the same vector r. So we find that a. vector 
representation is not tied down to any co-ordinate or reference frame 
and so quite general in nature. Since a vector remains unchanged, if 
it is shifted parallel to itself in any direction, neither translation nor 
rotation of frames affect it. So the physical law represented by the 
vector appears same to the observers in different frames. Thus 
the physical law becomes general, compact and invariant in vector 
notation. 


1-2.7. Composition and resolution of vectors: By the term 
‘composition’ of vectors we mean the addition of two or more 
vectors. We shall confine ourselves to’ coplanar vectors, that is 
those in the same plane. Scalar quantities are added’ algebraically. 
Vectors are added geometrically as indicated below. 

‘Resolution’ of vectors means splitting (=dividing) a vector into 
two components, the components and the vector lying in the same 
plane. Resolution of a vector can be easily understood when we 
have learnt how to. add vectors. 

A. The geometrical law of addition of vectors. In fig. I-2.9 
let the vectors P- and Q.to be added, be represented by the line 
segments OA and OB drawn from the same point. (The vectors 
may be a pair of velocities which a 
particle has‘ at the same moment, Or 
they may be a pair of forces acting on 
the same particle at the same time.) 
To get their sum, called the’ resultant, 

Fig. 1-2.9 complete the parallelogram OACB. 
Then OC, the sary sieve ' will represent in magnitude and direction 


-the vector sum R of LOA and OB, that is, of P and Q. In symbols. 
P+Q=R or OA+OB= -óc. ` (0027.1) 


dE Also Q+P=R or OB+0A= Oc. "e (2.7.2) 
"y Thus vector addition obeys commutative law, 


E 


Bc 
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This law of addition, which applies to any quantity, that behaves 
asa vector, is known as the parallelogram law. of addition, . The 
law may be. stated as follows ::| If wo vectors: are represented in 
magnitude and direction by the two sides of a parallelogram drawn 
from. a point, they are equivalent toča single vector represented in 
magnitude and direction. by \the diagonal of the parallelogram 

» passing through that point. [f 

The single vector to which the other vectors are onmes: is 
called the resultant of the vectors. 

B. Vector subtraction. If the sum of two vectors P and Q is 
R, that is, if P+Q=R, then 
P—Q=P+(—Q). This means 
that to subtract a vector Q from 
a vector P, we should reverse Q 
and add it to P. If we do so 
in fig. L-2.10, we shall. find 
that P—Q-R' (1-2.7.3) 
R’ in Fig. 1-2.10 will be re- ) 
presented by the other diagonal ; Fig. 1-2.10. : 
of the parallelogram. P— Q will be represented by BA (=OD) and 
Q—P by AB (—DC). They are equal and opposite. 

Q—P- —(P-Q9). ; (1-2.7.4) 

C. Magnitude and direction of the resultant. Fig. 1-29 
shows the resultant R of two vectors P and Q inclined to each other 
at an angle «. Then the magnitude of the resultant is 

R? -OC*- OD? --DC? =(0A+ AD)? - DC* 
7-04? - (AD? -- DC?) -204.AD - OA? -- AC? —20A.AC cos « 


= P? -Q?--2PQ cos «. (1-2.7.5) 
R is inclined at an angle 0 to P where : 
CD AC sin « Q sin.« (1-2.7.6) 


unius "OD OA+AC cosx PHQ cosx 
In vector subtraction « changes to (180° —4). 
.'. R= P? EQ? -2PQ cos (180° — <) 


= P? 0° —2PQ cos « 5 (I-2.7.7) - 


[ Remember P is the magnitude of vector P. So for all vectors.] 
Eqquations (1-2.7.5) and. (I-2.7.6) give respectively the magnitude 
and direction of the resultant of . two» - vectors. (say, forces or 
velocities). octo FRI s 
6 
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A theorem is trigonometry states that in'a triangle the ratio of 
the sines of their opposite angles equal the ratio of the sines of thtir 


opposite angles. Applying this result to the triangle OAC (fig. 1-2.9) 
we: have 


Wu. HL SOR tais a a (1-278) 
Ssin(x—*) sino sin(x«—o0) . 


These relations may be used for solving problems involving the 
resultant of two vectors. . 

D. Alternative construction for addition of vectors: The 
Triangle method. An alternative construction for adding two or 
more vectors is as follows: It is a graphical method. 


N 
Q 
M 
K P t 
@ (6) 


Fig. I-2.11. 

Let P and Q [fig. 1-2.11(a)], represented respectively by lines KL 
and MN, be the vectors to be added. From the end point L (fig. 
1-2.11b) of the straight line KL (representing the vector P) draw LS 
equal and parallel to MN (representing Q). We have stated already, 
that the vector does not change by such shifts. 

Then the straight lint KS represents in magnitude and direction 
the sum of P and Q. According to vector notation. 

KL+LS=KS or P+Q=R 

Thus, if two sides KL and LS of a triangle taken in order, 
represent two vectors, then the third side KS taken in reverse order 
gives their resultant vector. This is the law of triangles. 

Magnitude and Direction of the Resultant. As for the Parallelo- 
gram’ Law, here also the magnitude of the resultant is not the 
algebraic sum of the magnitudes of the components. To obtain 
that, drop SM perpendicular, to KL extended to M. Then 

R'-KS' -KM*--MS? — (KL KL M)3 4 ys? 
= KL*+LM*+2KL.LM+ MS? 
= KL* +(LM?+Ms*) T2KL.LS.LM | LS 
—KL*-c-LS*—2KLIS. cos 0 
=P*+0?+2P0 cos 6 


— 
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—the same result as before in eqn. 1-2.7.5. +Again-we find the 
resultant vector KS making an angle 4 with the vector KL as 
SM ., Qsino 
KL+LM P-4-0 coso 
The only difference between the parallelogram and triangle 
method is that in the former, vectors start from the same point 
while in the latter they are put successively. 


tan ¢= 


E. The Polygon method. This is only an extension of the triangle 
law. Any number of vectors may be added in this manner by placing 
them head to tail (tail of the second to the head of the first and so 
on) in a continuous sequence (fig. 1-2.12). The order in which they 
are taken is immaterial. The line drawn from the origin of the first . 


P K 
(a) (b) 
Fig. 2.12 


P 
(c). 


to the terminus of the last represents resultant in magnitude and 
direction. Fig. I-2.12 shows the addition of three vectors, P, Q and 
R, in this way. KN=S is their resultant. This is the ^ polygon 
method of addition. For two vectors the polygon reduces to a 
triangle. 

If we add vectorially P, R, Q we get the same resultant S. 
(fig. I-2.12c). Thus vector addition obeys associative law i.e. order of 
addition if changed leaves the resultant unchanged: 


Q. Can two vectors of different magnitudes -be combined to give zero 
resultant? Can three vectors? Explain, in. brief. .[S. S. Q] 

Ans. In addition of two or more vectors by the geometrical method we lay 
down the vectors successively with the tail of one to the head of the previous one. 
The resultant is obtained by joining the initial point (tail of the first vector to 
the end point (head) of the last vector. 

( Two vectors of unequal magnitude will always leave a resultant, whatever 
the angle between them. There cannot be a zero resultant. + ere 
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Proof: R*=P*+Q* +2PQ cos 0. If 6= 180° we have 
R*=P*+Q*-2PQ=(P-Q)" 
This is the minimum value for R. It cannot vanish unless P=Q. Hence 
the above statement. 
(ii) But three vectors can give a zero resultant if the third vector is equal 
and opposite to the resultant of the otier two ; or three vectors added in order head 
fo tail form a closed triangle according to the Triangle law of vectors. 


Ex, 1-2.2: When will the magnitude of the resultant of two equal vectors 
added vectorially be equal to (i) X2 times the magnitude of each (ii) 4/3 times ? 


[ H. S. '80] 
Ans, R*—P*-P* 42P.P. cos 6=2P*(1+cos 0)—4P? cos? 6/2 
R=2P cos 6/2 ; 
(i) J2P=2P cos 6/2 "s. CoS 6/2=1/ 4/2 or 6 900 
(ii) /3P=2P cos 6/2 u COS 6/2— /3/2 or 060? 


Problem: (1) The resultant of two vectors P and Q equals in magnitude that 
of P. Show that the resultant of 2P and Q is perpendicular to Q. 

(2) Show that the magnitude of the resultant vector of two vectors acting at a 
point can neither be greater than the sum of their magnitudes nor smaller than the 
difference of their. magnitudes. 

(3) The resultant of two vectors P and. Q acting at an angle 0 has a resultant 
of magnitude (2K 4-1) AP? 4- Q3 and QK-i)/ Pig: when the inclination is 
(90°—#). Show that tan @=(K-1)/(K+1)> - > M 


I-28. Composition of velocities: } 

To compound ie. add two velocities or forces or any other 
directed quantities we proceed exactly as stated: for vectors, merely 
substituting for vectors, the word ‘velocities’ or ‘forces’ as required. 
Fig .1-2.9 and equations I-2.7.5 and 1-2.7.6 apply with the modifica- 
tion that P and Q are the two velocities, or forces and R, their 
resultant. 

Let us illustrate the general result by taking ‘velocity’ as the 
vector. The law .of parallelogram of velocities, which states how 
two velocities are to be added together, may be stated as follows : 

If a particle possesses simultaneously two velocities represented 
"in magnitude and direction by the two. sides of a. parallelogram 
. drawn from a point, they are equivalent to: a single resultant velo- 
city represented in magnitude and direction by the diagonal of the 
parallelogram, passing through the point. 

A third velocity may be added to the resultant, then a fourth 
and so-on. Before we take up illustrations of such compositions let 
us learn the basic principles behind, 
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A.: Principle of Independence of. Vectors.: The law of addition 
of vectors is based on a principle known ‘as the principle of 
independence of vectors. It states that each vector produces its 
own effect as if the others do not exist. When we add two or more 
forces, velocities, displacements, etc. this principle operates. To 
emphasize this independence for velocities, we write the following 
statement— ! ben 


B. Principle of independence of velocities. When a particle 
has two (or more) velocities at the same time, the velocity in one 
direction is not affected by that in the other direction. Each velo- 
city produces. its. own. motion as if the oher does not exist. 


Illustration: To cross a stream in the shortest time. In solv- 
ing problems in which a particle has more than one velocity at the 
same time, it is well to remember the principle of independence of 
velocities. -When aiman wants to cross a river the distance he 
needs to cover is the shortest if it is perpendicular to the bank. If 
he swims in this direction he will cross the river in the shortest time, 
though in this attempt he will be carried downstream by the current. 
According to the principle of independence of velocities, his velo- 
city perpendicular to the stream will not be affected by the velocity 
of the stream. So, in his attempt to cross in the shortest time, he ^ 
swims as if there were no current in the stream. : 


Ex. k2.3: A river flows with a velocity of one mile per hour. A man 
rows a boat ät an angle of 30° to the river with à velocity of 3 milés per hour. 
If the river is half-a-mile wide, how long will he take to cross it? How far 
downstream will he be carried in the meantime? 

Solution. Let us resolve the velocity of the boat downstream and perpendi- 
cular to it. The downstream domponent=3 cos 30°=4 3/3 mi[hr. 

The perpendicular component =3 sin 30^ 5 mijhr. 

The total downstream velocity of the man 

243 J3mi|hr due to the boat 
+1 mijhr due to the stream 
—243x17324-12 3:598 mi[hr. 

According to the principle of indepen- 
dence of velocities each of these compoents 
actsas if the other does not exist. The 
downstream component’ does not help 
him to cross the river. 
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The component ‘perpendicular to the stream-$ mi/hr. It is this com. 
Ponent which carries him across the river. 


f x =mi 
So the time required to cross F mihi 


=} hr=20 minutes. 


The distance he is carried downstream in crossing the river=} hrx3:598 
mi[hr- 1:199 miles, 


Ex. 24 : A river 4 mile wide flows at the rate of 4 miles per hour. A man 
who can swim at 3 mi[hr has to cross it. Find (a) the minimum time in which 
he can cross, (by the actual distance he travels in crossing, (c) the diregtion with 


respect to the bank in which he moves and (d) his resultant velocity with respect 
to the bank. 


(The reader is advised to draw his own diagram). 


Solution. From the principle of independence of velocities we understand that 
he must swim. perpendicular to the river to cross it in the shortest time. His speed 
in this direction carries him across. the river, and produces no displacement parallel 
to the bank. So the minimum time to cross 


4. breadth of river = imi i His 
Speed across the river 3mijhr 77 hr r5 minutes: 
* 


In this time he is carried 4 mi/hrx 4 hr =} mile downstream by the current. 
Since these two displacements that he undergoes are at right angles, the actual 
distance he moves is NG? xq mile. 


If the direction of his motion makes angle 6 with the bank, tan 0—4.- 


His resultant velocity = N33 3:43 mi/hr- 5 mij[hr, 


Problem. In the above example, if the velocity of the stream is 1} miles | 


INL per hour find the direction in which 
OOO 


the man should swim so that he may 
eee OR E 
mona aU cross the. river perpendicularly, 
5 mph Hint: Let the direction in which 
a he should ‘swim make an angle 
P^ * with the bank on the upstream 
side. i 
Resolving _ his velocity. parallel 
Ene ! and. perpendicular: to the bank we 
have parallel component= 3 milhrxcos « and Perpendicular, component= 
3 mi/hrsin «. Now find «. 
HA ; 
x S 


im. . 
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Ex. 1-2.5: During the closing days of the Second World War the American 
, pilots found at a height of about.7 to 13 km a 
a very strong continuous air current from west to 
east (named the jet stream) encircling the earth 
reaching upto a velocity of 300 kmph. and 
beyond. If a jet bomber flying at 40,000 ft. 
straight north (000) at 800 kmph. gets into it. 
what: will happen to it? 


Solution ; The adjoining figure tells you what 
happens.. It will be found to be flying at 854 
kmph. along 020 direction i.e. 20° east of north. 


Problem: An aeroplane flies at a speed of u 
kmph and has a range (out and back) of R km in 
calm weather. Prove that in a north "wind v 
kmph its range becomes 


R(u* —v?) 


n u(u? —v? sin*v)k 


3o0km/h 
Special cases of composition. Equations 1-2.7.5 and J-2.7.6 are 
perfectly general and hold for all values of « We take up here 
a few special cases : 
(1) The forces or velocities are in the same direction, i.e., % -0. 
Since cos 0=1, equation 1-2.7.5 gives R? -ui-v*-2uo or R uv. 
(2) The forces or velocitits are in opposite directions, i.e. & — 180°. 
Since cos 180°= —1, R?eu?-rpo*—2uv OF R-u-4. Here the 
resultant is the difference of the two and acts in the direction of 
- the larger. 
(3) The forces or velocities are af right angles, iê., « « 90 
(fig. I-2.13). Since cos 90* —0, 
R? a u? To? 
or R-Ju*xv — (12.8.1) 
7 and tang=o/u (12.82) 
B cU A Note that in this case 


‘ u= R cos 0 9 
Fig. 1-213 eres Gin $) 283) 


c 


Ex. 1-2.6. Suppose a steamer moves downstream with ^a velocity of 16 km 
per hour, while a man walks across its deck with a velocity of 6 km per hour. 
What velocity will this man appear to have to a man standing on the bank of the 
river? ` x 


aa 
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Solution The man on the steamer has two simultaneous velocities at right 
angles to each other. One is that of the steamer at 16 km/hr and the other his 
own, at 6 km/hr, i 

From Eq. L2,8.1 the resultant -velocity R= N16? x: 6* =17'1 km/hr. 
If 6 is the angle between the. direction of motion of the steamer and the 
direction of the resultant velocity; then, from equation 1-2:8.2, tan 9 = 3/8. 
Thus to the man at rest on the bank of the river the other màn will appear to 
' move with à speed of about 17.1 km/hr in a direction inclined at an angle tan! 
3/8 with the downstream direction. 


Ex 1-2.7. A crane pulls a body. vertically upward with a velocity of 4.8 m/min, 
while jt itself. moves along horizontal ralis at 2 m/min. Find the velocity of the 
body (relative to. an Observer at rest on the surface of the earth). 

Solution ; Here also tht two velocities are at right angles, 

The resultant R= V 482427 =5,2 m/min 

The angle between the vertical "and ‘thie’ direction of thé resultant R is 

tan"! 5/12 backward, 


1-29. Resolution of vectors: We have seen above how two 
vectors may be compounded into one, By following the reverse 


components of the vector, and the Process is known as resolution 
of the vector. If the components are at right angles, the parallelo- 
gram reduces to a rectangle. Each Component in sucha case is 
called the resolved Part of the vector in the direction concerned. 


Resolved part of a vector. The. resolved part of a vector in a 
direction is its effective part in that 
` direction. “The resolved part of a 
: ' vector R (fig. I-2.14) in the direc- 
tion OX making an angle o with R, 
is given byP=R cose. This together 
With Q given by Q—R sin 0, equals 
R, as may be Seen by the vector 
addition P and Q. 
! i " The effect of R in the direction 
OX is the Same as that of P where p— cos @. P and Q are two 
components of R. - - 


Fig..1-2,14, 
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Definition, The resolved part of any vector in a given direction ' 
is that vector which together with another vector in a a irs 
direcion, produces the same effect as the given vector. 

If the vector is A and it makes an angle @ with some given direc- 
tion OX the resolved part (or component) of A in the given direc- 
tion is given ‘by. A, =A cos 8 (I-2.9.1) 

The resolution of a velocity in perpendicular directions have 
already been illustrated above in solving sums on crossing a river by 
a swimmer. ‘ 

The method of resolving detailed above, is one (the rectangular . 
type) of the innumerable types available. 


We discuss below the general way of vw ^ 
resolution when the components P and Q 

make angles 9 and ‘¢ with the vector R rude rita 
to:be resolved (fig. I-2.15). Let OC re- A LTD 
present R OA and OB P and Q respec- 6 ^ X 


tively. In calculating these, we utilise 
the law of sines (see eqn. I-2.7.8) and 
remembering that BC=OA=P and AC=OB=Q to write 


Fig 12.15 


+ GS CON IA PTUS ONE vi. 
sin é sino sin [x —(04-9)] 


P gQ gru. s 
sine sing sin (/4-9) 


sin sin 0 
PRG dem yan Qr RE) (1-29.2) 
This resolution follows directly fromthe parallelogram Jaw of 
vectors. ‘ 
1-210. Addition of Vectors by Geometrical and Analytical 
methods. We havé seen how two or more vectors may be added 
together by the geometrical method. They can be ‘added in another 
way, called the analytical method. For convenience, we shall con- 
sider all the vectors to lie in the same. plane. Serge 
First, resolve all the vectors into rectangular components along 
any convenient pair of axes, and then combine them into a de 


or 


resultant, 


ae 
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This is illustrated in fig. I-2.16. V,, Va» V, are vectors to be 
added. Let us take the x-axis along any suitable direction and 
the y-axis perpendicular thereto. 
If .0,, 0, and 0, be the angles 
the. vectors make with the x-axis, 
then. the x-components of the 
vectors are V, cos 0,, V, cos 9, 
and V, cos 0,. Adding these up 
we get the x-component Re of the 
resultant R. The y-component Ry 
of the resulant is similarly V, sino, 
T Va sin 24 +V, sin 0,. Then 
Re VRe ERA 

epee = NVa) + (SV), —(-2.10.1) 
where 3V, is written for the sum of x-components of the vectors 
and ZV, for the sum of the y-components. 

If « is the angle which R makes with the x-axis, then 

Ry_ XV,. 


tan <= R. XV. (1-2.10.2) 


Ex. I-2.8. Four velocities of magnitudes 4mls, $m|s, 12 43 m|s and 16m|s 
are simultaneously imparted to a particle. Angles between V, and V, is 
60°, between V, aud V, is 90°, between V, and V, is 150°. Find the resultant 
velocity, 


Solution : Let axes be taken along the direction of V, and the perpendi- 
cular to it. Resolving each velo- 
city along the two axes we get 
respectively, 


Along the x-axis—4 cos 0° +8 cos 60° 
+12 43 cos 150°+16 cos 300° 
7448.4 412x J3(— 43/2) -16.3 
--—2m/s 
Along the y-axis—4 sin 0°+8 sin 60° 
+123, sin 150°+16 sin 300° 
=0+8( 43/2) 4-12.( /3/2) 
+16(— /3/2)=2 /3m/s 
Let the resultant velocity V 
make an angle 0 with OX. Then 
V cos 06— —2. and V sin 0—2 43 m/s. 
So squaring and adding, 
¥2=16 or v=4m/s and tan 0= — N3 or ð =120° 


` 
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Hencethe resultant velocity is 4 m/s at an angle of 2r/3 with the: first 
velocity. 


Problem: Add displacements—(1) 8m north of east (2) 12 m due south 
and (3) 20 m at 30° west of south by vector resolution method. 


(Ans.: 24.06, tan-* 5.45 w of s) 


I-2.11. Position Vector : 


This is the shortest directed line segment (OP) joining any point 
P with the.origin O of a chosen tri-axial co-ordinate system (fig. 
I-2.17) with axes OX, OY, OZ 
at right-angles to each other 
—a righthanded cartesian co- 
ordinate system. (so-called be- 
cause rotation of a screw 
from OX to OY drives its tip 
along the OZ direction). 

From P a normal PM is 
dropped on the X-Y plane 
and again perpendiculars MQ 
and MN dropped on OX and 
OY. The line OM represents 
the projection of the line OP AM 
on the X-Y plane. Then OQ—x, ON —y and OR=z, the co-ordinates 
of OP with respect to the co-ordinate system. If i, j, k represent the 
respective unit vectors along OX, OY and OZ, then by triangle 
law of addition of vectors i 


OP - OQ--ON-- OR 
r=xity.j+z-k (1-2.11.1) 


Fig. 2.17. 


where r= (OM* 4- PM*)3 = (ON? 4 NM?) - P9 
(3149 2l (I-2.11.2) 

The above analysis is an elaboration of representation of vectors. by 
co-ordinates. in foregoing 1-2.4(c). Below we show you an applica- 
tion of the idea. 1 _ od 

An idea of Instantaneous Velocity. In the last chapter we have. 
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given you’ thåt-idea—here:: is its pictorial or physical presenta- 
tion. Let a particle be moving 
along a curved path OBDE of 
which the points B and D have 
` position vectors OB (=r,) and 
OD (=r,) at instants /, and te 
where A1—1,—1,, and the dis- 
placement from B to D is 
9 gne ü Ar-r;—r, (fig. I-2.18). Then 
ka the average velocity (v) of the 
particle during the interval / t 
` as it moves from B to D will be given by PQ, a directed line segment 
(Ar) parallel to BD. We go on making BD smaller and smaller till it 
reduces to:a vanishingly small segment about the mid-point, Then 


the instantaneous velocity becomes 
* Ar 
v=Lt = 
oA 120 At 


Fig. 12.18. 


Instantaneous acceleration can be similarly illustrated and has 
been so done for centripetal acceleratión (fig. I-5.4). Both the figures 
show you the utility of law of triangles of vector addition. 


Ex. 1-2.9. Show vectorially that the line joining middle points of iwo sides 
is half of and parallal to the third 
side. [H. S. '83] 

: Ans.: Let a, b, c be the posi- 
tion vectors of the vertices of a- 
tringle w.r.t. to the same origin. - 
Let D, E be the mid points of 

.the sides AB and AC, their 
position vectors being p and q. 
Then p=}(a+b) and q=3(c+a) 

“. DE=}(c+a)—i(atb) . 

=}(c—b)=} BC 


Thus is established the proposition. 


^ Ex. L210. Three vertices of a triangle ABC have position vectors i+2j, 4i 
+5j and 7i+j. respectively. Find the Position vector of D the mid-point of 
BC and show that AB? + AC*=2(AD? +BD*)—the wellsknow. ‘Appolonius 
theorem. Also find the lengths of the sides of the triangle. 
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Solution: AB=AO+OB=(-i-—2j)+ (4i4-5]) -314-3j 
= NPP Rt = 32 
BC=BO+0C=(—4i—5j) + (7i+§) =3i-4j 
eO BC= 433 4(-74)—5 
and CA- CO OA - (71-5) - (12-25) - —6i-j 
CA= N(=6)? +17 = N37 
Let the required position vector of D 
ber. Then 
r=OD=}(O0B+0C) 
-i(4i 5j 7i j) 7 3- 143) 
AD-AO-40D-(-i-2j) 
SHOE a 
AD? =4+1= 
2AD?+2BD? duds =55 
forBC=5  .. BD=§ 


Again AB? +AC? =(3 /2)? +( 37)? 
=18437=55 
So AB*4-AC*? -2(AD* -BD?). 


Ex. £2.11, Show that if AB=DC in a figure ABCD, it is a parallelogram and its 
diagonals bisect each. other. 


Solution: Draw your own diagram and let the position vestors pr points 
A, B, C, D be a, b; c, and d. Then we have 
b-a-a-d and hence d—a=c—b 
or AD=BC or ABCD is a oeil plum 
Again from the above relations 
a+c=b+d ie. {a c) -b-d) 
Thus mid-points of the diagonals AC and BD are identical. 


Problem: D, E, F are the mid-points of the sides AB, BC, CA of a triangle. 
Show that the vector sum of the medians is zero and they have a common point 
of trisection. 


1-2.12. Product of Vectors : 

A vector may be multiplied by a ‘scalar (i.e. pure number) or by 
another vector. When two: vectors: are multiplied the result.may be 
either a scalar or a. vector, the former is said to be a scalar.or dot 
product, the latter a vector or cross product. 
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A. The product ofa vector r by a real number +n denoted by 
nr or rn is just another vector of length | n| times that of r having 
a direction same as that of r or in the opposite direction according 
as n is--ve or —ve. Momentum vector mv, the multiplication of 
velocity vector v by a scalar m, is an example. 

Division of a vector by a real number m gives a vector of length 
r/m. The resultant vector may be--ve or —ve as before, parallel to 
the original vector. It is thus that we get a unit vector. 

The laws of association and distribution for scalar multipliers 
hold as in ordinary algebra. For scalar multiplication and division 
we may write zl 


r= tna— ta.n 
r'=+a/n (I-2.12.1) 


B. Scalar Product of two vectors a and b inclined at an angle 
of 0 with each other is the real number ab cos 6 and is written as 
a-b=ab cos 0 —-b.a (I-2.12.2) 
The order of the vectors may be re- 
versed without altering the value of 
the product. Further b cos8 is the 
resolute (i.e. the resolved part) of b 
in the direction of a and a cos 6 the 
resolute of a in the direction of b, 
+ve or —ve according as 0 is 
acute or obtuse, Hence we may 
state that 
Fig. 2.19. The scalar product of two vectors 
is the product of modulus (i.e. the 
magnitude) of either vector and the resolute of the other in its 
direction as indicated in fig. 1-2.19. 

From eqn. 1-2.12.2 we conclude that the scalar product of. two 
vectors (i) is a scalar itself in the same plane for a, b are scalars and 
cos 0 a pure number (ii) obeys commutative law of multiplication 
for a.b=b.a and (iii) is indicated by putting a dot (a distinguishing 
feature) between them and hence called also a dot product. 

Examples of scalar product of vectors are many, including mecha- 
nical work (F. d), power (F. v). gravitational potential energy (W. h). 
electric power (E. i) and electromagnetic energy density (E. H) 
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From definition we find that if @=7/2 than a.b=0 which means 
that the vectors are perpendicular to each other and conversely. If 
6 =0 a.b—ab, the dot product becoming equal to the NIME 
product for collinear or parallel vectors. 

C. Vector Product of two vectors a and b iind i at an angle 
0 is a vector of modulus (ie. magnitude) ab sin 0 and perpendi- 
cular to the plane containing a and b being positive for a rotation 
from a to b and is written as à 

c—axb-ab sin 0 (1-2.12.3) 

To specify the direction of c imagine rotating a right-handed 
screw with axis perpendicular 
to the plane formed by a and 
b so as to turn it from a to 
b through an angle . between 
them (fig. 1-2.20). 

From eqn. I-2.12.3 we find 
that the vector product of two 
vectors is (i) a vector itself, 
perpendicular in direction 
to both, (ii) does not obey the (a) (p! 
commutative law; for —axb Fig. 1-2.20. 
means rotation from b to a reversing c in direction fig. I-2.20b, 
(iii) and is specified by putting a cross (X) sign between them and 
hence called the cross product. 

Examples are amongst others, torque (Fx d), angular momentum 
(Io) magnetic moment (MXH), force on a moving charge in a 
magnetic field (B e v). For 0—0, cross-product of two vectors vanish, 
giving us another condition for parallelism or collinearity of two 
vectors. 


1-213. Relative velocity : 


Ordinarily, we consider the motion of a body with respect to an 
observer at rest on the surface of the earth. When the observer 
himself is in motion it seems to him that the velocity of the other 
body has changed. To a man at rest on the surface of the earth rain- 
drops appear to fall vertically when there is no wind. But when he 


. is moving in a train the drops seem to move slantingly even in the 


absence of a wind. When a person looks at a moving body, the 
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- motion he sees is always a relative motion, i.e., the motion of the 
body relative to the Observer, 


" —— whether the latter is at rest or 
ages u - in motion. 

vC NUM] WENE ; The: relative velocity  be- 

eds al ELT PI / tween two. bodies, both of 

c which are in motion w.r.t. the 

(a) (b) surface of earth, may be ob- 

Fig. 1-2.21. tained easily by the method 


of composition of velocities. Let two bodies P and Q move with 
velocities u and v along the lines AB and CD respectively (fig. I-2.21), 
u and y being values relative to an observer at rest. What will be | 
the magnitude and the direction of the velocity which Q will appear 
to have to an observer situated on P? To picture it clearly, P and 
Q may be looked upon as two ships proceeding in different directions, 
whose velocities are u and v with respect to a person standing on 
the sea beach. 

If we superpose on both P and Q a velocity equal to —u, their 
relative velocities will not alter. It is the same as imagining that 
» the sea has a current whose velocity is equal and opposite to that of 

the ship P. P will then appear to be at rest to the observer on the 

beach. Q will seem to him to have two simultaneous velocities, v 

along CD and —u along AB. The velocity of O to both the sta- 

tionary observers is the same, and is the resultant of v and —u. This 
resultant R is obtained graphically as shown in fig. I-2.21(a). 
When we want the relative velocity of P with respect to Q (i.e., 
if the observer instead of being in P were in Q), we bring Q to rest 
by superposing a velocity of —v on both. Then the relative velocity 

will be the resultant of u and —v. Fig. I-2.21(b) gives its value R’, 

which is easily seen to be equal and opposite to R. 

Generalising, we may say that to-find the relative velocity of a 
body Q with respect to another 

body P when both are in 


motion, (i) reverse the velo- > — 
city of P and (ii) combine it x 
with that of Q. 3 

-The resultant gives the rela- P qa o 5 s 
tive velocity. P may be called Fig. I-2.22, 
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the observer and Q, the observed. The working rule then reduces 
to— Reverse the velocity of the observer and combine it with that 
of the observed’. The magnitude and direction of the resultant are 
best obtained by geometrical construction. 


Note. Reversing a vector u and adding it to a similar vector v means 
subtracting u from v, that is, getting v—u. So relative velocity is obtained by 
appropriate vector subtraction. If OP and OQ (Fig. I-2.22) represent the two vectors 
u and v, then v—u=the vector represented by OR=PQ.  u—v is the vector 
represented by QP. So, we may say that the velocity of Q relative to P is equal 
to the velocity of Q minus the velocity of P. (Note that while OC in Fig. 1-222 
represents P--Q, the other diagonal represents the difference of P, and Q ; (P-Q= 
BA and Q~P=AB). 

The magnitude of the relative velocity is given by eqn 12.8.1 

To determine the relative velocity of a body do the following:— 


() Identify the frame of reference or simply the object w.r.t. which you are 
to find the relative velocity. 

(i) Superpose on that body or frame a velocity equal and opposite to its bown. 
It will apparently come to rest. 

(ii) Compound this superposed velocity with the actual yelocity of the tbody 
in question. The resultant gives you the required resultant velocity. 

This has been indicated above. This is to re-emphasise. 


Ex. 12.13. A ship steams due east at 18 km/hr and another due south 
at 24 km/hr. Find the velocity of the first ship with respect to the second. 

Solution : The student is advised to draw the necessary diagram. 

Here the observer is in the sedond ship. So the relative velocity is obtained 
by combining the velocity of 18 km/hr due east with 24 km/hr due north. This 
gives a velocity of 30 km/hr at an angle tan-! ł east of PLUS P 
north. 

Ex. 2.14. A ‘cyclist rides horizontally at 10 km 
per hour. ‘There is no wind and rain-drops appear- tò 
him to fallat: an angle of 10° to the vertical. Find the speed 
of the rain-drops. 

Solution; In the fig OA is the velocity of the cyclist 
and OC that of the rain-drops. The relative velocity OR 
between them is obtained by reversing OA and combining it 
with OC. Z COR=10°, CR=10 km/hr. To. find OC. 


Now CR|OC=tan 10° €— m table of tángents).- 
. = = km hr. 
25 OC ote km][hr— 56:8 km] 
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Problems; (1) The pilot of an aircraft flying on a horizontal course due south. 
west at 200 kmph sees a train apparently moving due north, although he knows 
that the railway line runs due west. Find the speed of the train. 


[Ans. : 1414 kmph]. 

(2) A steady wind blows from the west at 100 km/hr during the flight of an 
aircraft from airfield A to airfield B due north of A. The airspeed indicator reads 
260 km/hr during the flipht. It takes 1 hr 15 min for the flight from A to B 
(neglecting take off and landing times), Find the direction in which the pilot 
steers the aircraft and also the distance AB. [J. E. E. ’83] 


[Ans.: At an angle @ give by tan 0 =5/12 west of the line AB. Distance 
AB=100 km.] 


I-2.14. Relative motion in the same Straight line with 
acceleration. . Suppose two bodies, P and Q, are moving in the same 
t direction with initial. velocities 


Pit) Qf) u and u; and. accelerations 
eI TT e. qm crm 


ra Po gy -æ A and.f,.and that at. the 
he I ie «i — initial-moment tley are at a 
iy ` distance s apart (fig. 1-2.23). 

Fig. 1.2.23. Suppose P overtakes Q after 


i travelling a distance X. Let 
the distance which Q travels in the Same time t be x; Then 


Xi-u,t--ifit*? and Xs =u, tif t, 


5 TU Xa = (us - ut Y f.) (1-2.14.1) 

This is the same as if Q were Stationary and P approached Q 
with a velocity 4,— ; and acceleration h—f. (Velocity and accelera- 
tion of Q are reversed and added to those of P). The time required 
by the faster body to Overtake the slower One is that which it. will 


take in travelling the distance s with a velocity U;—us.and accelera- 
tion f, —f,. 


EX. 2.15, A stone is dropped from a. high altitude ‘and 3.005 later. Another 


is projected downward with a spread of 150. ft/s, When and where will the second 
Overtake the first? (g=32 ft/s%), .— 


Solution : At the moment the second. stone is 
Slower one has fallen 4x32 32= 144 ft, and its 
Second stone has u, =150 ft/s. The acceleration i 


T 


Projected the first one, Le. the 
Speed u,—32x3—96 ft/s. The 
S £—32 ft/s? for both. 
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We, therefore, have s=(150—96)t+3 (g—8g)/3—54t, ie. t=2}s. 
The distance x, from the point ‘of projection 150X2$ - 16x Q3)?—514 . ft 


Problem :. A bullet is shot vertically upward with a speed of 320 ft/s, and 
4s later a second bullet is shot upward with a speed of 190 ft/s. Will they ever 
meet? If so, where-? 

(Hint : Calculate the speed of the first bullet after 4 sec. Note whether the 
faster bullet is approaching the slower one or receding from it. They will not 
meet.) 


A. Accelerating Lift: Let a lift accelerate upwards with f when 
referred to a frame at rest on the surface of the earth. The 
acceleration of the lift referred 
to another frame accelerating 
downwards with g under 
gravity is obviously [f—(—g)] 


ie. (g+f) upwards as shown (g+f) 
in fig. I-2.24(c) g 

In the fig., in (a) we show t pis 
separately f the upward ac- E L L 
celeration of the lift and also (b) (c) 


the downward accelerating 
frame falling freely with g. 
In (b) side by side are shown 
f and reversed g. They are 
compounded in (c). (a) 

If the same lift accelerates 
downwards with same f ( - 8) 
then its relative acceleration becomes [f—(—g)] ie. (g—7) upwards.. 
To and observer in the rescending frame the lift would appear to move 
upwards with this acceleration. We shall return to this problem 
later (1-3.11B). 

Thus for ascending and descending lifts the relative accelera- 
tions would be at=g+f H (1-2.14.2) 

ay-2-f 

Problem: Ane levator is ascending with am acceleration of 4.0 ft/s*. At the 
instant when its upward speed is 8.0 ft/s, a bolt drops from the top of the cage, 
which is 9.0 ft from the floor. Find the time until the bolt strikes the floor and 
the distance it has fallen. [ANS : 0.71 s ; 2.3 ft] 

[Hint : For the elevator u,=8 ft/s, a,=4 ft/s. For the bolt u,—8 ft/s, 
a, —32 ft/s?, s=9 ft.) 


Fig. I-2.24 
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B. Relative Acceleration along Perpendicular lines, Let there be 

“a large drum on its side on an open lorry at rest. Suddenly the lorry 

i is started forward, Unless 

SUITCASE Somebody holds on to the 

drum.it will roll backwards 

with an opposite acceleration 

and tumble out onto the 

ground. In addition to the 

horizontal acceleration it also 

has a vertical" one due to 
; gravity. 

EA A similar case is shown in ' 

fig 225. A running train is suddently decelerated. A suitcase 

on the bunk slides forward and falls on the floor. The acceleration 


The suitcase accelerates downwards represented by g—AB. Clearly 
the relative acceleration of the suitcase’ with respect to the 


f; = AB—OA=AB+AD=AC 
.BC AD f (I-2,14.3) 
and tang AB AB s f x 


Hence the suitcase will appear to fall forward at an angle of 
tan`? ( fjg ). (5) 


Problem: Ifa moving train suddenly retards at 1.2m/s?, a suitcase slips 
forward and falls on the floor. Find its relative acceleration end the direction 


of fall. ( Ans. fg— J1.2349,53 ; tan` 7° (nearly) = ten?) 
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I-3.1. Kinetics. 

So long we have learnt Kinematics—motion has been dis- 
cussed in its abstract form without considering what moves a body 
and how does it do so. Now we take up Kinetics, which tries to 
answer these two questions and throws up two new concepts central 
to the answer, mass (inertia) and force.. Here as before, when we. 
say a body you should take it to be a particle. 

A body moves under an unbalanced force (one that is not 
opposed by an equal and opposite. force) and it moves with an 
acceleration. Our idea of force is associated with that of push or 
pull—the so-called contact forces. But forces may be exerted with- 
out contact; namely gravitational, electric or magnetic forces of 
attraction and repulsion, which need neither contact nor medium to 
act. They are field forces. : 

The nature of force which can affect bodies without contact, 
which can move a body after it has parted company with the agent 
e.g. a stone hurled forward by your hand) had engaged the attention 
of wise thinkers since the- days-of the academic. Aristotle (384-322 
B.C.) tutor to Alexander the Great till the experimenter Galeleo. He. 
for the first time introduced experimentation, to study the behaviour 
of moving bodies. He carried out extensive and systematic observa- 
tions on how a body moves, how does it come to a stop, how does 
gravity affect the motion of a body falling freely or rolling down an 
incline, what happens when it collides with another and others. He 
followed up these observations with a chain of logical arguments _ 
and arrived at some general pattern of behaviour of material objects 
when at rest or in motion. He concluded that (1) a body at rest 
tends to continue to do so, (2) likewise (but contrary to teachings of 
Aristotle) a moving body continues to move without change either 
of direction or of speed and (3) it requires a force (unbalanced and 
" exernally applied) to change any of these states. You must realise 
that the idea of inertia is introduced thereby and also Newton's First. 


we 
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law.' Intertial frames of reference (I-1.4) are alternatively called 
Galelean frame to honour his pioneering efforts, 

Newton (1642-1728) built upon and expanded these findings to 

his famous rules or laws of force. They cannot be formally proved 
or deduced. but crystallizes human experience through the ages and 
form the basis of Classical Mechanics. They have stood the test of 
rigorous investigations with complete accuracy for (i) gross bodies 
and (ii) at speeds small compared to that of light, 
“Apart from (1) the idea of unbalanced forces we should get used 
to treating (2) a body as a particle and (3) the idea of a closed 
system, when discussing Newton’s laws of motion. Interacting 
Particles are imagined to be inside a closed surface quite isolated 
from the effects of any other body or particle. 


1-3.2. Newtons Laws of Motion." * 


The exact relation between force and motion was stated first in 
the form of three laws by Newton in his monumental work (1686-87) 
Principia Mathematica Philosophiae Naturalis, written in Latin. 
The laws are A 

Law I. Every body (i.e. a particle) continues in its state of rest 
or of uniform motion in a straight line unless impelled by an un- 
balanced external force to change that state. 

Law I. The time rate of change of momentum is proportional 
to the externally impressed unbalanced force and is in the direction 
of that force, 

Law II. n an isolated or closed system, action and reaction 
aré equal and opposite, i 


I-3.3.. Discussion on the First Law; Intertia and Force. 


The law introduces to us the concepts of inertia, those of (a) 
inertia of rest (b) inertia of motion and (c) that of force. The law is 
really a statement about reference frames and as it is called the law 


*Newton, a truly great savant, had declared "If I have been able to see more 
than others, that is because I stood on shoulders of giants,” Galeleo was ‘the 
foremost amongst these giants. 


**You are surely aware of these laws from your Secondary school. Yet go 
through them carefully. There may be Significant differences in the statements. 


— UN 
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of inertia, the frames in which tht laws are valid are called Jnertial 
or Galelean frames. : 


I-3.3A. Inertia of Rest: The tendency of a body to continue 
in its state of rest is an inherent property that is called inertia of rest. 


(I) You have already learnt that, it is this that is responsible, for 
falling back or leaning back of a standing or sitting passenger in a 
car that starts suddenly. 

(2) You must have noticed while playing carrom that if you 
pile up carrom dices in a neat vertical column and hit the lowermost 
dice sharply with the striker it darts forward and the pile just settles 
down without toppling over. 

(3) Take an empty cup. On it place a postcard and on that 
a steel ball. Flip the card forward sharply, it will move off but the 
ball will land inside the cup. . Note that the carrom-board surface is 
generally smooth and hence friction is small; same is the case of 
spherical ball on the card. 

(4) A. seismograph utilises inertia of rest to record movements 
due to earthquakes. It consists (fig. I-3.1) of a horizontal pendulum 
rod R fixed to a nearly vertical 
axis A. R carries a heavy 
block (B) at. the end with a 
sharp stylus St, touching the 
surface of a smoked drum D. 
D rotates slowly with a cons- 
tant speed, moving axially at 
the same time. The base of the 
drum D is rigidly attached 
to the ground. On D, St traces 
a uniform spiral. In an earth- 
quake, the ground the support 
of D, moves before B does and 
hence St does and so records 
the quake in irregular jerks (j). [1-3.1(b)]. 

(5) Put a cupful of water on a smooth table and give it a sharp 
forward push. Water will splash back on your hand. This happens 
because of inertia of rest exactly.as happens to the passengers in a. 
bus which just starts. 


smoother and smoother. ]t is only the force of friction, omnipresent, 
that opposes the motion, reduces it and finally halts the ball. 


(3) You sprinkle french chalk or powder on carrom boards and 
billiard tables to reduce friction. Hard-pressed plain ice surfaces 
are almost frictionless. Both provide instances of inertia of motion 
when the carrom striker or the billiard ball or the ice Skater moves 
on. An ice-hockey ball is a block not a sphere (Why ?) 
^ (4) A ‘dry ice’ puck is a 
brass plate which literary floats 
on a thin film of CO, gas and 
rides over a glass plate. A very 
slight push makes the disc 
move (fig. I-3.2) on and on and 
On in a straight line with 
constant speed as if by magic. 
Friction here is almost non- 
existent, 
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Voyager and Pioneer space-probes sent out to learn about our Solar 
System by the U.S.A. 

The tendency of moving bodies to persist along a straight line is 
an everyday experience. Mudguards over car or bicycle wheels are 
provided to protect you from the mud and slime which the whirring 
wheels throw up tangentially. Sparks fly off tangentially from a 
fast revolving grind-wheel when a knife-blade is pressed on it. A 
ball thrown up in a uniformly moving open railway carriage returns 
to hand, a vaulting performer on a slowly cantering circus-horse 
re-lands squarely in her seat, due to this inertia of motion both in 
speed and direction. 

"You know why—standing passengers fall forward when their 
bus suddenly stops; commuters alighting from moving buses must 
lean backwards, or fall on their faces if they do not; trunks slide 
and jump forward off bunks in railway compartments if a fast train 
suddenly brakes—all due to inertia of motion. Such experiences 
can be multiplied ; think up some yourself. 

'K3.3C. “Inertia and Frames of Reference: Inertia of rest and motion 
are not however, two different properties of a body. but appears so because of the 
frame of the observer. We return for clarification to the case of a ball thrown 
up vertically inside a uniformly moving open carriage. 


e 
je PAN 7x 
| e e e 9 
? f N gem 
| e e 9 e 
i / Y E 
| & @ 
MOVING CARRIAGE STOPS CARRIAGE 
ES 
CARRIAGE SUDDENLY pe LERE ea 
(gi i ib) (c) 
Fig 13.3 


<7) The" path: of: the ball would appear as in: fig I-3.3(a) to another passenger 
seated in the some car; but to a stationary ‘observer on the platform the ball ap- 
pears to describe a curved path as in (b). To the first observer’ the up and down 
path described, is due to inertia of rest, while to the second one, the forward motion 
would’ bear’ out’ inertia of motion. To the first observer the uniformly moving 
carriage iş the reference frame ; to the second, the unmoving platform is the . 
reference frame—both are inertial and so to both of them Newton's first law is’ 
valid. 6 ANT TM 
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| (2) Exactly similar observations are made by a pilot in a steadily flying bomber 
| when he drops a bomb and a man on the ground who sees the bomb falling ; to 
the pilot in a uniformly moving frame tae bomb descends vertically ; to the man 
on the ground it appears to describe half a parabola (fig. 1-3.4). 
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Fig. L34 


(3) A bby leaning out of a fast but steadily running train drops a coin and. 
à man standing on a field beside, observes the fall ; to the boy it is a vertical 
fall, to the man parabolic. Later (1-3.6), we shall look at these phenomena from 
another angle—the Principle of Independence of Motion. 

In fig. L3.3X(c) is shown what happens if the carriage uniformly accelerates 
immediately after the ball is thrown up. The ball lands behind. The observer 
9n the platform will consider it normal, a result of inertia of motion. But to the 
seated passenger, it will appear to be a violation of inertia of rest; for he gees 
the ball going back without any horizontal force being applied, 

If the carriage takes a sudden bend while the ball is in air, it will not return 
to the boy. He will see it moving away from the direction of the bend. To the 
Observer outside, the ball moves along the line the carriage was moving before. 
To him it is matural but to the boy, it is inexplicable from Newton's first law. 


These happen because the passenger is no longer in an inertial Írame but in 
an accelerated frame ; for in the former case speed changes, in the latter, the 
‘direction. We shall return Presently (I-3.6) to this apparent anomaly. 

Thus the first law does not differentiate bbetween bodies at rest and in uniform 
rectilinear motion. In absence of forces both tendencies are “natural.” The 
apparent differencesis all due to reference frames. Suppose on parallel tracks are 


| a train at. rest and another moving uniformly past. To a Passenger in the first 
train, others in his compartment are at rest ; 
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1-3.3D. Inertia and Mass: Mass is defined as the quantity of 
matter in a body. The definition is not satisfactory for it is not 
operational—it does not provide a method of measuring mass, 

Mass is a measure of inertia for we find larger the mass of à 
body larger is its inertia; 
inertia is ‘that fundamental 
property of matter because of 
which a piece of matter resists. 
any attempt (i) to start or 
accelerate it when at rest, 
(i) to stop or decelerate it 
or (üi) change the direction, 
when in motion. Larger the 
mass proportionately greater, 
appears to be this difficulty. Compare the efforts to start or stop 
or divert a child's pram and a motor car and you will realise why 
mass is taken as the measure inertia. They are both measured in 
kg (MKS) g (CGS) and slug (FPS). 3 

A demonstration experiment is as follows. On a toy-car 
moving smoothly on rails there is a vertical pivot (fig. 1-3.6) which 


Fig. I-3.5 


Fig 1-3.6 


supports a light uniform horizontal bar that carries at its two ends 
identical lead. balls. The car may be pushed. along the rails. When it 
starts suddenly or stops suddenly the rod remains unmoved ; one 
of the balls is next replaced by a wooden one of same size. . Now 


ven 
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if the car is suddenly Started the rod starts rotating, the lead ball 
backwards, the wooden one forwards. Stop the car Suddenly ; the 
sense of rotation reverses, the lead ball advancing, thé wooden one 
receding. The lead ball has a larger mass and hence larger inertia ; 
hence its above behaviour. 

A. familiar occurrence illustrates the fact that inertia is propor- 
tional to mass. You might have observed that Sometimes a railway 
engine, cannot start a long heavy train. It then first pushes the 
bogies backwards and then starts the forward motion. What 


This has definitely a very large mass and the engine has not power 
. enough to do it. It gives a backward Push to loosen the couplings 
between the bogies. Then when it exerts a pull the bogey just 


Not for nothing has Newton’s first law of motion been called 
the law of intertia. Inertia is that fundamental property |. of 
matter by which it resists any attempt to change its state of motion 
including that of no motion. This assertion follows from the first 
Part of the first law. 

1-3.3E. Force: The second part of the first law provides us 
with a qualitative* definition of force, the Concept of greater interest 
to us, . 

Force is defined to be that agency which changes or tends to 
change the state of uniform rectilinear motion and of no motion 
(i.e. state of rest) of a body, 

Suppose you push a heavy truck or pull a heavy roller and you 
posing force, that of friction, 
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add up to a.zero resultant. Thus the first law does not distinguish 
between absence of all forces on a body and action of any number 
of forces on it, that add up to zero; so the law can be alternatively 
phrased as if no net force acts on a body its acceleration: is zero. 
Hence the importance of the adjective unbalanced to the word force, 
in the statement of the first law given above. Newton’s third law tells 
us that in nature there can never be a single force ; there can be either 
an unbalanced (resultant) force or a system of balanced ones. 

Note carefully, that an unbalanced force must act on a body 
from outside.to make it move, You can never move a car by push- 
ing it from inside, however hard you may try. When your car stalls, 
you must come outside and push it. 

This happens because when you are inside the car you are inside 
a closed system. There are just two bodies, you' and the inside wall 
of the car; you push the wall and the wall pushes you back equally 
because of Newton’s third Jaw ; and the forces are balanced. When 
you push from. outside you are utilising a third body, the ground. 
See the cases of a rickshaw puller pulling his mehia and. a horse 
pulling a cart [ I-3.9B(3):]. : 

Force as a Vector : As it involves acceleration, a vector, the force 
must also be a vector. It has both magnitude and direction and as 
we shall next, that it obeys the laws of vector addition and resolu- 
tion. Further, the point of application of a force has to be specified 
just as for a vector. This last requirement brings out the importance 
of treating a body as a particle. The latter being of no size, the ques- 
tion of point of application does not arise ; but it does, for a body. 
Push a heavy book ora brick with a single finger ; you will not move 
it in a straight line if you push at any and every point; it would 
move and rotate together. Only when, the line of push passes along 
a particular line (passing through the centre of mass of the body) 
it will move in a straight line. Later (1-7.10) we shall see that this 
point is the one where the whole" mass of the body can be taken to 
be concentrated, in fact the body reduced to a’ particle, at least in 
imagination. "That point is its center of mass. 

Effects of Forces: In mechanics, force is the most important 
entity. It can do a number of tasks, as for example 

(a) Two or more forces may. keep.a body or particle at rest, 
Examples are many and obvious. 
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(b) Two or more forces can deform (ie. change the shape and 
size of) a finite body (not a particle). Such a material body is also 
at rest. This behaviour of material bodies belongs to the subject 
matter of elasticity. (Ch, IT-3). 

(c) A body or a particle may move with constant velocity under 
a system of balanced forces; vide Newton's first law of motion. 

These- three are examples of equilibrium of a particle or body 
under the action of a balanced system of forces, 

(d) Unbalanced forces produce rectilinear accelerated motion ; vide 
Newton's second law of motion. One force here may oppose and 
overcome another collinear force ; you may move a roller on rough 
ground against friction. 

(e) An unbalanced force also produces change in direction of a 
moving particle ;. vide uniform circular motion (chapter I-5). 

(f) A. pair of forces may producé rotation either uniform or 
accelerated of an extended body (not a particle) ; vide chapter I-6. 

1-3.4. Discussions on Second Law: the Fundamental Kinetic. 
Equation and Nature of Force: 

While the first law defines force and inertia, the second law pro- 
vides a means of measuring them. f 

Let u=initial velocity of a body. 
v=its final velocity, _ 
t=the time in which this change occurs, 
m=its mass, and 
a=its acceleration. 
Change of momentum in time t=mv—mu, 


m(v—u) 
=ma 


ie. time rate of change of momentum= 
LÀ 


=mass X acceleration. 

According to the second law. the change of momentum per. unit 
time, and hence the acceleration, will take place in the direction in 
which the force acts. 

If F is the applied force, we have, from the second law 

: F cc ma 
or F-kma (1T-3.4.1) 


where k is the factor of proportionality and is a constant. The value 
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of this constant depends on our choice of units of F, m and a. If we 
agree that the force which produces unit acceleration on unit mass 
will be called the unit of force, then; in Eq. I-3.4.1, F=1, m=1 and 
a=1. This makes k—1. On this basis we write 
F=ma ! (1-34.2) 
or Force—mass x acceleration 

This is the fundamental kinetic equation and gives us a means 
of measuring force, as also mass. For, according to Eq. (1-3.4.2) 
mass of a body may be defined as the ratio. of the force to the 
acceleration (i.e. cause to effect) it. gives. to the body. The mass, 
so defined, is a measure of the inertia of the body, and is called 
the inertial mass. This is the operational definition of mass. 

Note that F, m and a are all instantaneous values, Though we 
take m as a constant, it (i) varies with time as in rocket motion and 
(ii) with velocity comparable to that. of. light. 

The importance of the relation F=ma must be realised. 
(i) It provides us with the measure of force—its. quantitative i.e. 
the operational definition. ^ 

(ii) It is the fundamental kinetic equation- between force and . 
motion. So it gives an equation of motion of a particle under the 
action of a (unbalanced) force called the inertial force of the form 


ax : 
| F=m— (1-3.4.3) 


Verification of Second law: Fletcher's trolly [Fig. 1-3.7(2)]: It 


8 


consists of a stout metal bench B,B, about a metre and a half long 


Fig,-I-3.7(a) 


E MECHANICS 


with a pair of parallel rails rr fixed upon it. The bench can 
be accurately levelled. A trolley T with frictionless wheels runs along 
the rails. Two pair of springs (SS) called frictionless brakes fixed 
at the terminii, arrest the motion of the trolley slowly. A friction- 
“less pulley P fixed at one end helps to:pull the trolley if necessary 
by a cord. A metal reed R, capable of transverse vibration carries 
an inked stylus St. It touches lightly a long paper tape TP fixed to 


the pulley at one end and passing over a smooth roller carries a j 


load L at the other end. 


The base plate is made horizontal by levelling screws. The 
stylus tip is inked and the trolley slowly pulled 
towards B. A straight line referred to as the zero- 
line is thus drawn along the medial line of the tape. 
The stylus is then set vibrating at right angles to 
the zero line and the trolley. released at Bj. The 
load pulls the trolley forwards with a constant 
aceleration. The tiny inked Stylus traces out a 
wavy curve on the tape sliding beneath it. Time 
for each vibration bebing constant, this device gives 
small time-intervals. The: points of insection of 
also a convenient method of accurately ‘measuring 
the wave and the zero-line, a, b, c, d...are marked 
and the distances ab, bc, cd...accurately measured. 


Tf the period of vibration of the reed be T then 
the average velocity in Succeding intervals of time 
would be ab/T, be/T, so that the change in velo- 
city in the first interval is (bc—ab)/T and so the 
acceleration (bc—ab)/T*. The load L and the 
trolley mass (M) remaining constant, acceleration 
comes out to be the same for each Successive seg- 
ments like (cd—bc). Thus we find that acceleration | 


(a) to be proportional to the force—the weight of 
Fig. 1-3.7(b) the load L. ; 


I-3.4A. Units of force. (a). Absolute units: A unit of force 


defined according to the equation’ F=ma is called an absolute 
unit. 


—— 
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In cgs units the absolute unit of force is the dyne. The dyne* 
is that force which, acting on a mass of 1 g, gives it an acceleration 
of 1 cm/s? 

g cm 
s? 

The dyne (symbol dyn) can be replaced by its equivalent g cm/s’ 

In mks units, the unit of force is called the newton**. . It is the 
force required to produce an acceleration of 1 m/s* in a mass of 1 
kg. Thus 

1 newton (symbol N)—1 kgx1 m/s'—1.kg m s^? 

The newton (N) can be replaced by its equivalent kg m s-? 

In the British system the absolute unit of force is called poundal. 
The poundalt is that force which, acting on, a mass of 1 slug, 
(or, Ib) gives it an acceleration of 1 ft/s’, 

Relation between newton and dyne: Let us write, .] newton— 
1 kgx1 m/s*-x dynes=x g cm s~? 


xo 18. m _ 10005100 - 10 


em — Nap. 
or.1 N—10* dyn, (I-3.4.3a) 
Relation between the poundal and the dyne : 
1 Poundal—1 ]bx1 ft/s? 
—453.6 gX 30.48 cm/s? 
—453.6x30.48 g cm/s’ 
=1,382x10' dyn=0.1382 N. (1-3.4.3b) 
(b) Grayitational units of force. We use such terms as ‘a kilo- 
gram of force or a kilogram-weight' and ‘a gram of force or a gram- 
weight’, etc; These are gravitational units of force and represent 
the attraction of the earth on a unit mass, i.e., the weight of a kilo- 
gram or a gram or a pound... As the weight of a body varies slightly 
at different places it is necessary for the sake of accuracy to specify 
where this weight is measured. 
A. kilogram of force (written kg-wt or kgf) is the weight of a 
kilogram of mass at 45^ latitude and mean sea-level. 
A gram of force (or a gram-weight. written g-wt or gf) is the 
weight of a gram of mass at 45° latitude and mean ‘sea-level. 
» The dyne is a very small force, being about the weight of a mosquito. 


. ** A newton is about equal to the weight of 100 g. : 
t The poundal is about equal to the weight of à 14-gram mass. 
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1 dyne=1 gx 1 2-1 -1gocm.s-?. 
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A pound of force (or a pound-weight, written Ib-wt or Ib) is the 
Weight of a pound of mass at 45° lititude and mean sea-level, 
Nowadays in FPS system Slug is the unit of mass and pound that 
of force, 


For most practical purposes the slight variations in weight due 
to differences in location may be neglected. 


Newton, dyne, poundal are absolute units for they do not change, 
But kgf, gf or Ib are not, as they depend on the value of g which is 


not constant everywhere. 


Conversion from gravitational to absolute unit. A kilogram of . 


force makes a kilogram of mass move with an acceleration 2( =9.8 
m/s. Hence, to convert a force in gravitational unit into one in 
absolute unit, multiply by the appropriate value of g., Thus 

1 kg-wt or kgf=9.8 N (because 2—9.8 m/s? in mks units) 

1 g-wt or sf=980 dyn (because 2—980 cm /s* in cgs units) 

1 Ib-wt or 1b—32 poundals (because 9—32 ft/s? in fps units) 

Where extremely high precision is needed we use the standard 
value of g, which is 980.665 cm/s? or 32.1741 ft/s. This value 
closely represents the value of g at 45° latitude and mean sea-level. 

Note from the above that if in the relation F=kma; we take k= 
2 in the same System of units as m and a and put m and a equal 
to unity, then F becomes the gravitational unit of force, ie. k the 
proportionality const, is not unity, as for absolute units. 


L-34B. Alternative derivation of F=ma: Statement of the 
law includes the expression the time rate of change of momentum 
(dp/dt) and you know that momentum (p) of a body is measured 
by the product of its mass (m) and velocity (v). Note that momen- 
tum is a vector—mass (a scalar) times the velocity vector of a 
moving particle. The second law may then be expressed as 


oP =k 40 pi 
Mgr er Puce ny 


-k( marty FS (1-3:4.4) 

When 7m is constant (it is not always so, as has been pointed out 
before) the second term inside the: bracket vanishes and we are left 
_.F=k m (dy/dt) =Kma i c9 9 > (1-3.4.5) 

With suitable choice of units k becomes 1 and the magnitudes are 
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1-3.4C. Derivation of the First law from the Second: If we 
put F—0 in equation (1-3.4.5) we have (m dv/dt) vanishing. Since 
mz we must have dv/dt—0 or v const. Thus without an external 
force acting, the body must be moving with velocity unchanging 
both in magnitude and direction. The condition must also amit’ 
the case of v=0 i.e. the body at rest continues to do so. 

The continuation of a moving body without changing either speed or direction 
may be more elegantly established as follows : >the —Q vector may be 
represented. as 

v-|vlir 
where |v | represents the magnitude of velocity (the speed) and r the associated 
unit vectar i.e. the a Then 


a FED E: jr] 


For dv/dt. to vanish, each of the terms in the bracket must separately vanish. . 
Since again for a moving body, neither v nor r can vanish we must have 
separately the result that 


dv dr 

= =0 and Z= 

dt dt 
which means that neither speed nor direction of a moving body changes if no 
resultant force acts upon it. " 


We shall later obtain the third law from the first. So it seems 
that we could have done with the second law alone, for the first and 
third.laws can be derived as corrolaries from it. 

I-3.4D. Inertial mass: From the second law of motion, mass 
comes out to be a ratio of externally applied unbalanced force (F) 
to the resultant acceleration (a) i.e. the ratio of cause to effect, a 
ratio of two vectors which is itself a scalar. It is so called, as mass 
is measured by inertia. 


Intertial mass shows the following three properties :— 
(i) The inertial mass of two bodies is the (algebraic) sum of the 
masses of the two. 
(ii) Inertial mass of a body does not depend on the shape or 
composition of the body. ; 
(iii) Chemical reaction does not change the total mass of the 
reactants. j ; 
To compare the masses m, and m, of two bodies, we may apply 
. the same force F to them and find the accelerations they acquire. 
We shall then have F=ma,=me or m/m, = a/a. The acce- 
lerations produced will be inversely proportional to the masses, If 
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m=1 kg, m,=a,/a, kg. In I-A4F we describe a method of so 
doing. " 
Solution of problems based on the equation F—ma. 
In applying the equation F=ma, remember that 
~ 9'G) When an unbalanced force F acts on body of mass m, it 
moves with an. acceleration a—F /m. 
(ii), This. acceleration is in the direction of the applied force. 
(iii) The acceleration continues so long as the force acts. 
(iv) When the force ceases to act, the acceleration also ceases. 
The body then continues to move with the velocity, it had at the 
moment when the force stopped. 
(v) 1 dyn=1 g. cm/s? 1. N (newton)=1 kg. m/s'—10* dyn. 
(vi) In equations, unit symbols cancel like algebraic quantities. 


Examples -3.1.) Sand drops vertically from a nozzle, 100 g each second 
on a conveyor belt moving horizontally at 10 cm/s. Find the force on the belt. 

Solution: The velocity of falling sand particles is zero horizontally." But the 
time rate of change of mass is 100 g/s. From equation I-3.4.4 we deduce that the 
force in this case is i 


v an =10-£2 x 100-8 = 1000 g-cm/s? =1000 dyn. 
Examples 1-3,2. A siring AB of length L. lies on a frictionless table. It is 
pulled at A with a force F. Find the tension at a point C. distant 1 from A. 
: [LLT. °78] 
Solution : The acceleration generated on the string as a whole is F/m. Then 
the mass’ of the portion AC=mx1/L, 
sw *. ^ Tensional force at C= mass of length AC (I) x acceleration 


So tension is independent of the mass of the string. 


Ex. 3.3. A force acts on a mass of 120 lbs for 3 s and then stops. In the 
next 3 s the body describes 108 ft. Find the force in Ibs-wt. 


[H.S. (Tripura) '80] 
Solution : So long as the force acts the body accelerates. After the force 
stops the body moves on uniformly with the velocity acquired. So 
l vx3s=108 ft or v=36 ft/s : 


NR 2." .36ftls _12ft 
Again v=at ora p ORT 


Pa ‘ [ since, the body starts from rest ] 
-. Acting force F=ma=120 Ibx 12ft/s? =1440 poundals 

" j ; = 1440/32 Ibs-wt =45 ibs-wt 

' Nóte again, mass is nowadays measured in slugs and force in Ib. not Ibs-wt. 
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Ex. L3.4. How will the equation F=ma be modified if Newton is the unit of 
force, metric ton that of mass and km/hr. min. the unit of acceleration. 


Solution : 1 metric ton=103 kg. So to produce on it an acceleration of 1 km/ . 


hr. min. the necessary force would be 


š 10°m __10° kg-m 
10*kex zeiken si 36x6 o HOON i 


.. In F=kma we have to put F=4.63, m=1 andk=1 or k=4.63 
so that F (newtons) =4.63 x m (tons)xa (km/hr. min). 
Problems : (1) A force acts on a body of mass 16 g for 3 s and then stops. 
In the next 3 s the body describes 81 cm. What is the. force on the body ? 
(Ans. 144 dyn) [H.S. (Tripura) '82] 
(2) If the unit of mass be 1 kg, unit of length 1 decimetre and that of time 
1 hectosecond (=100 s) in a certain system show that the unit of force is 1 dyn. 


1-3.4E. Impulse of. a force: The product of a force 
(F) and the time (f) for which it acts on a body is known as the 
impulse of the force.: An impulse (J) produces a change of momen- 
tum. For : 

FXt=mxXaxt=m(v—w=my—mu (1-3.4.7) 

or Impulse of a force Change of linear momentum of the body. 

A large force acting for a short time is called an impulsive force. 
Kicking a football, hitting a cricket or tennis ball, are examples of 
impulsive forces. The effect of an impulsive force is to change the 
momentum of the body on which it acts. 1f the body was at rest, 
it starts with a velocity because of it. The velocity will be greater 
the longer the force acts on the body. Hence a kick to a football 
will be more effective if the foot follows through, i.e., maintains a 
longer contact with the ball. So also for a bat hitting a ball, the 
‘follow-through’. 

Unit. Unit of impulse is that of momentum ie, g cm/s Or 
kg-m/s or again dyn-s or N-s which is 10° times the former. 

Now, an impulse is denoted by J and linear momentum by p. 
So the relation between them is given by J=pt. From the. state- 
ment of the 2nd law we have seen already that F=dp/dt. 

Graphical representation of Impulse. Since force and the time 
of its application are involved in impulse we may plot relations 
among them. In fig. 1-3.8 the straight line (a) AB parallel to £-axis 
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shows their relation whén the force is const and the curved line (b) 
when the force is variable. As 
impulse is the product of F and 
t, the area between the curve and 
the two axes gives the measure 
of impulse. We have already 
graphically found the distance 
(s) covered for a moving body in 
fig. I-2.14, in the same way. 
For a variable force, we 
break up the time-interval in 
very small bits dt and find the 
area under the curve, shown 
Shaded and add up all of 
. them [the method is that of finding a definite integral; see 
fig 0-2.8 ]. During’ each small bit of time however the force is 
taken to remain constant: Thus we find that the magnitude of the 
variable impulse is 


t $ t 
Au \rat—( 40. dt= | dp - my -mu (13.4.8) 
o 9 } o 
Where mv is the final and mu the initial momentum. 
Vector Representation of momentum and its change, The 
Situation is illustrated in fig. 
. 1-3.9 where pq represents initial b 
momentum both in magnitude NO 
and direction. A force F now 
acts on the body for a time 
interval : bringing about a 
Change in momentum along its 
own direction, during that inter: 
val represented" in’ magnitude Fig. 13.9 
and direction by qr. Vector qr then gives the impulse of the force 
and pr the! final momentunh, 
Ballistics, This: is. the branch: of, dynamics dealing with the 


Initial momentum 


j * Impulse Jv is said to be the time-integral of force for you are summing up 
time-intervals. Later (T-8.1) we shall see work is Space-integral of force, 
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motion of a body under an impulsive—a very large—force acting 
for a very short time e.g. a kick on a football, a powerful smash in 
tennis or badminton, a firm hit on a cricket ball, firing a rifle, canon 
or an ICBM. A force changes the (i) position and (ii) momentum 
of a body and that, only so long as it acts. For an impulsive. force, 
it is assumed that the body changes only momentum, not position, à 
the time-interval being so very small The effect of an impulsive 
force is thus a sudden change in a very short time. The subsequent 
motion of the body belongs to ballistics. 


The expression 1-3.4.8 is said to be JImpulse-Momentum 
theorem. 


Ex. 3.5. A force of 20 dynes acts on. a body of mass 5 g initially at rest. 
What is the acceleration produced? If the force ceases to act after 5 seconds 
how will the body move? 


Solution: From the relation that © acceleration=force+mass, we ‘have m 
a=20 dyn/5 g=20 g cm/s?—-5 g=4 cm/s’. ; 
As the force acts for 5 seconds, the increase in velocity in this interval is 
4 cm/sX5 s=20 cm/s. Since the body was at rest initially, this is the velocity 
when the force ceases to act. By Newton’s first law of motion; the body will 
continue to move with this constant velocity after the force ceases. The motion 

is in the direction in which the force acted. 


Ex. k3.6. Under action of a force a body of mass 10 g moved 40 cm from. 
rest in 4 seconds. What is the magnitude of the force? If the, force acts 
altogether for 5 seconds, how far will the body move in 3 seconds after the force 
has ceased to act? 


Solution. Here u=0, s=40.cm, t=4s, To find the force we must find the 

acceleration. From the relation s=ut+ at, we get 
40 cm=} ax(4s? or a= 5 cm/s, 

Since the force produces this acceleration on a mass 10 g, 

the force=10 gx5 cm/s?—50g cm/s?—50 dyn. 

The velocity acquired comes from the relation y=u+at. Since u=0, we 
have y=5 cm/s?x5s=25 cm/s.’ This is the velocity of the body when the force 
stops. The body travels on with this constant velocity thereafter, and in the 
next 3 seconds covers 25 cm/sX3s—75 cm. A 


Ex. 1-3.7. A football player takes a spot kick. as a result of which the ball 
moves with a speed of 10 m/s. If the ball weighs 350. g and its time of contact 
with the foot during the kick is 0.1 second, what is the force applied? 


Solution. In the relation Ft=m(v—u) we have u=0, m=350 g. v=1000 cm/s. 


s. F= 358% 1000 cm/s _ 3.5 x 10° dyn=35N, 
T/i0s 
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Ex. 1-3,8. You throw a stone weighing 60 g: vertically. upward. It reaches the 
top of a three-storeyed building which is 10 m high. If in throwing the stone you 
3wung it for 0.2 second, what force did you apply on it? (g—9.8 m/s). 

(Note that the values are in mixed units. Convert all of fhem into the same 
System, cgs or mks.) " 

Solution. It is an impulsive force. |f it started upward with a velocity u, then: 
from the relation H=u?/2g, we get u*- 29H—2X9.8 m/s? X 10 m or u=14 m/s. Hence 
the momentum imparted. was 0.06 kgx14 m/s=0.84 kg m/s. This momentum was 
imparted in 0.2 s. Hence force (or rate of change of momentum)=0.84 kg 
m/s-0.2s—42 N. Try working out in cgs units. 

Ex. 1-3.9. A pile-driver) (called a ‘monkey') weighing 400 lb falls from a 
height of 16 ft and comes to rest in 0.2 sec after striking the pile. What is the force 
exerted on the pile? 


Solution. The velocity acquired by the fall is obtainable from the relation 
v*=2gh.. With g=32 ft/s? and h=16 ft, we get v =32 ft/s. The momentum of 
the pile-driver is 40032 Ib ft/s. The force=momentum + time = (400 x 32 ::0.2) 
poundals— 64,000. poundals —2000 Ib-wt. 

(This is the force of the blow. The total force on the pile wil be this plus the 
weight of the pile driver, ie; 2400 Ib-wt.) k 

[In the above problem read 400 kg for 4001b, 5 m for 16 ft, and work out the 
force, g=9.8 m/s*.] 


Ex. 3.10. A cricket ball of mass 150 g moving at 12 m/s reverses direction 
after hitting a bat, with a velocity of 20 m/s, the contact lasting for 0.Is. Find 
the average force. [LLT. 74] 

Solution. Change in momentum P.—p;—150g [12-(—20)] m/s 

y =480 x 10° g.cm/s 

4. Average forcc- (p, —p, )|t=480x 10 gm-cm/s+ $5 $ 
=480 N=5 kgf. 


Ex. 13.11. A horizontal jet of water 5 cm in diameter with a speed of 10 m/s 
hits a vertical wall and then spills down the wall. Find the average force exerted 
if density of water is 1000 kg/m 

Solution, The mass of water falling per sec on the wall horizontally is 

VpzvxTr*xpc10 m/sxmx (248) m? x 1000 kg/m* 
=10 (25/4) x 10-4 x 3.14 x 1000 ke/s 

Its forward momentum per sec normal to the wall- mv- 3 x3.14 x 10 
kg-m/s? and backward momentum is zero as water descends vertically 

^. Average force=196.25 N. 

Problem. A brickbat weighing 5 kg moving with a velocity of 6 km/hr hits 
your head. The time of contact is:5 milliseconds. Find approximately in kgf the 
force exerted. SIE A E À ; 

[Ans : About 170 kgf. (It makis a painful bump)] 


NEWTON'S LAWS OF MOTION 81 


1-3.4F. Inertial, Impulsive or Dynamical method of Comparing 
Masses: This gives us a method of measuring mass of a body if 
a standard mass is available. 

We measure the mass of a body by (i) finding its weight with 
a spring balance and thenyby dividing that by g or by (ii) com- , 
paring it with the weight of another standard mass in a common 
balance. The mass we find thus, is said to be gravitational ; for the 
force of gravity pulls it downwards and the pull is balanced in 
both the balances; the determination is thus a static method. It 
is widely used, for it is quite is simple to carry out ; but it cannot be 
universal, for in an orbiting satellite, in a freely falling system, far 
out in space, bodies become weightless. Still these bodies have 
mass. That can be measured only by inertial ie. dynamical 
method.* 

In fig. 1-3.10, is shown a Fletchers trolly. On the heavy a 
horizontal metal base plate run a pair of smooth rails along which ` 
may roll.a pair of identical toy carriages or trolleys ; they are 
stopped at the ends by a pair of buffers. Trolleys carry a pair of 
equally strong magnets (NS) as shown and held bound close to each 


Fig. 13.10 


other by a piece of cord, about the middle of the bed. One of the 
trolleys is made heavier by placing a heavy mass (W) on it. If the 
‘connecting thread is suddenly cut or burnt, the magnetic: repulsion 
ets the cars moving simultaneously in opposite directions till stopped 
by the buffers. The forces being impulsive (i.e. very short and 
sudden) we may take the cars to be moving with constant velocities 
over the small distances involved. By, trial and error the position of 
the cars are adjusted till they hit the buffers simultaneously after 

release. i 
Let M be the mass of each trolley so that the heavier one has 


*]It is a very fortunate coincidence that inertial and gravitational mass of a 
body is totally equivalent. Newton experimentally proved it to be so (Refer to 
II-1.4). There appears no logical explanation for the coincidence to hold ; serious 


difficulties would. have arisen had it not been so. 
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a mass of M--W. Since the same force acting for the same time 
interval pushes them apart their momentum must be the same ie. 

Mv,=(M+W) v. They travel over different distances X, and 
X, for the same time. So 


M-EW v LX Jt X, 
M'w, X,/t X, 
If we know M and obtain X, and X; from the experiment, W 
comes out. 
We need not know- M if we want to compare two masses m 
and m’. We then carry out two experiments by putting them 
separately on one trolley and carrying out the above experiments. 


1-3.5. Reference Frames and Newton's Laws. 


Newton's first two laws, remember, are valid only in inertial frames. Let us 
take a simple example ; a ball lies on the floor of a stationary carriage ; let it 
suddenly move ; the ball rolls back. When the moving car halts suddenly the 
ball rolls forward. In both cases, Newton's first law appears to be violated, for 
the ball moves without any force acting upon it. We explain these facts by 
invoking the ideas of intertia of rest and motion. We have an alternative explanation. 

When the car suddenly starts or as suddenly stops, it is no longer an inertial 
(i.e. uniformly moving) frame but an accelerated one. The behaviour of the ball 
shows that the first law is not valid in such a frame. As the first law is 
but a special case of the second, the latter is also not valid in an accelerated frame. 
But a slight modification validates this law in such a frame. Instead of F=ma 
we use F—F’=ma and the behaviour becomes explicable. A fictitious -or a 
pseudo-force F’ comes in operation, opposite in direction to the acceleration of the 
frame. Since we cannot find any agent applying this force we call it a fictious 
or pseudo-force. eh 

Now recall that, when a bus suddenly starts or stops or takes a bend, you seem 
to feel a force that is opposite in direction to that of motion. This is the pseudo- 
force. This is what pins you to the back of your seat when a plane taxis on the 
runway and becomes air-borne ; this is what you are advised to guard against, 
by fastening your seat belt when a plane lands and decelerates to a halt; if you 
don't do as advised, you may fall forward. Hence whatever you have explained 
by inertia of rest or motion may be also interpreted as an apparent failure of Newton's 
laws of motion in a non-inertial frame. 


1-3.6. Principle of Independence of Forces : 

An unbalanced force produces accelerated motion. Several such, 
may act on a particle simultaneously. The motion is determined 
by the resultant. As we have noticed in I-2.8 this is. governed 
by the universal principle named above. Tt states that 
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ij a number of forces act simultaneously on a particle at rest or 
in motion, their combined effect on the system is found by consider- 
ing the efject of each force as if the other did not exist and. then 
aading up these effects by parallelogram, triangle or polygon law of 
addition of veciors:. Basically all these laws are the same. This is 
only a special case of Principle of Independence of vectors. 

Similarly, a motion whether uniform or accelerated is a vector and 
hence follows this principle of independence. We have already learnt 
two examples (1) A horizontally flying plane dropping a bomb, a 
mailbag or tood packets and (2) A circus periormer jumping up 
from a slow-cantering horse and landing back on it. 

The following examples also illustrate the physical independence 
of motion, one not being affected by the other. 


Refer to fig. 1-3.4. The plane has dropped a load at a height 
of 1024 ft when vertically above the point O. The load has 
simultaneously two motions (1) a uniform speed of 220 ft/s hori- 
zontally as the plane itself and (2) an accelerated. vertical fall under 
gravity. Observe that when the load reaches the target the plane is 
directly overhead i.e. the load has covered the same horizontal distance 
as the plane, all the time falling vertically. Hence its horizontal 
motion a uniform velocity, has not been affected by its accelerated 
vertical fall. Had a stationary balloon directly overhead of O dropped 
a load from the same height and simultaneously with that from the 
plane both of the loads would reach the ground, at the same time. 


The apparatus in fig I-3.11 


illustrates the above conclu- A B HORIZONTAL MOTION 
sions. On a table is a spring 7 d) pni AQ 

plunger. Its one end goes e VZ 

smoothly through a ball A and — S |! ERTICAL 

its other end is a little away z|! AGEN 5 
from the ball B at the end of E 1 

the table. If you -suddenly 5 : 

release the spring, H suddenly (/ 


moves to the right, releasing 
A vertically downwards and 


knocking B horizontally forward. 


Fig. 13.1 


Both the balls reach the ground together. 


The Monkey and“ Hunter Experiment (fip; 1-3.12). In a 
favourite lecture demonstration a toy gun (A) is sighted at an 
elevated target, a toy monkey (M) on a toy tree. The monkey is 
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released by a trip mechanism, the instant of the gun is fired. No 
matter what the initial speed of the bullet is, it will always hit the 
falling monkey. 


Fig. 13.12 


The explanation is simple. Had there been no gravity, the 
bullet will travel straight along AM to hit the monkey for then it 
will not fall. Gravity causes each to accelerate downwards at the 
same rate from the position it would otherwise have. In time t 
the monkey falls through + gf* ie. MC, the bullet does the same, 
it describes the path ABC and hits the monkey. During each frac- 
tion of a second indicated by t=1, 2, 3, 4 both fall the same dis- 
tance from their gravity-free positions. Had the bullet moved faster 
it would have reached the line of fall higher but quicker ; but during 
this shorter time the monkey would have fallen less and so would get 
hit. Had the bullet moved slower it would hit the monkey lower 
down than C by the same arguments. 

More examples: (1) In problems about crossing a river by a 
boat, you have already worked with two motions, that of the boat 
and that of the river at right angles to each other; they occur 
independently of each other. The same happens to the plane flying 
across a gale. 

(2) Marksmen shooting flying birds point their guns ahead of 
the bird to allow for its horizontal displacement during the flight of 
the bullet. If the marksman be galloping on a horse with the bird 
siting overhead, he must aim behind the bird to allow for the 
forward motion of the bullet, sharing his own motion. 
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(3). The case of the boy throwing up a ball vertically when 
running forward uniformly and recovering it ahead, illustrates the 
independence of forward uniform motion and vertical declerated 
motion followed by equally accelerated motion of the same ball. 

(4) The dropping of a coin from a running car and its path 
observed by a stationary observer is the same as the load dropped 
from a plane. If the height descended be h and the time of fall 
t, then we have h=} gf. The horizontal distance covered by the 
car (or the plane) during that time is s=yt. Eliminating t between 
the two we get the equation of a parabola. 


2y? f: 
st=— h. 1-3.6.1 
7 ( ) 


[ Compare x? =ky. v and g are constants ] 


We get here half a parabola with a vertical axis. If therefore a 
projectile is fired from 
the ground at an angle 
0. with the ground, it 
will describe a full 
parabola before return- — — 
ing to the ground as EP orga oe ER! et p E 4 
shown in fig. 1-3.13. All l R = (u/g)sin t0 —— 
projectiles, from a kick- Fig, 13.13 

ed football to an ICBM 
going from one continent to another, would follow a parabola, had 
air-resistance been absent. 

: So you see that we can explain one and the same phenomenon, 
say the load. dropped from a flying plane, or the motion of a ball 
thrown up in a uniformly moving railway carriage from three view- 
points namely, (1) physical independence of motion, (2) inertia of 
motion, (3) inertial frames of reference in motion. 


1-37. Composition and Resolution of forces: A. Composition: 


As indicated above, composition of forces follow from physical 
independence of more than one force acting together on a single 
body ; and as for velocities, obey the same laws of parallelogram or 
triangle or polygon. The parallelogram law’ of forces can be 


stated as 
If two forces acting simultaneously on'a particle -be represented 
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in magnitude and direction by two adjacent sides of a parallelo- 
gram, then they are equivalent to a single force represented in 
magnitude and direction by the. diagonal of the parallelogram 
through the point. The magnitude and direction are given by 
R?” = P? --Q* -2PQ cos « 
cC sin « 
and 0 —tan-^* rege 

Illustrations: (1) Verification of the parallelogram law of 
forces—Fig I-3.14 shows three cords tied together at a point and 
loaded ‘at their free 
ends by weights W,, 
Wa W;; the cords of 
first two pass smoothly 
over pulleys P, and P,, 
all the loads ‘hanging 
vertically against a 
board. When the cords 
come . to. equilibrium 
their traces are. care- 
fully drawn on the 
board. 


From them, lengths 
AB and AC proportional respectively to forces W, and W, are cut off, 
the parallelogram ABCO completed and the diagonal AO is drawn. 
Length AO will be found proportional to W, and passing through 
A vertically, The point A being vertically above W; it follows that 
the load W, balances the resultant of the loads W, and W,. 

Q) Flinging a stone with 

a catapult (Fig. I-3.15) :—The 

boy has put a stone in his cata- 

pult and is pulling back the 

elastic’ backwards. A. sort of 

V results with forces. P and Q 

acting along the two. arms. 

` When released the stone moves 

along the direction of the Fig. I-3.15 
resultant R, but not along any of the directions. 
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(3) Towing a boat with two ropes: In a canal where rowing 
becomes difficult a boat may be towed forward as shown in fig. 1-3.16 
by a pair of men pulling equally with two ropes and moving 


Fig. 1-3.16 
along the banks. If their pulls are represented by two 
vectors along OA and OB the boat moves forward along the force 
vector OC. 

Problems. (1) A boat is towed by two ropes, each inclined at 30° io the 
stream, but on opposite sides of it. If the pull along. each rope is 50 kgf tnd 
the magnitude and direction. of the resultant force, [Ans: R=86.6 kgf; @=30°.] 

(2) Forces 3 gf and4 ef act ata point, Find the angle between their lines 
of action if they have a resultant of (i) 7 2f, (ii) 6 gf, (ii) 5gf, (iv) 4 gf, 
(v) 1 gf. [ Ans. (i) 0°, (ii) 62°42’, (iii) 90°, (iv) 131°48’, (v) 180°] 

(4) Soaring of a bird (fig. L3.17: A bird in flight flaps its 
wings against air which reacts in opposite directions by Newton’s 3rd 


Fig. 1-10.17 


law. If the wings flap along DO and. EO, air reactions will act along 
OD, and OE. Proportional length OA and OB represent them in 
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magnitude and direction. Their. resultant OC makes the bird ‘soar 
up when it exceeds the weight of the bird or fly forward as and when 
required. 


B. Resolution of Forces: The subject-matter is identical with 
31-2.9. The resolved part of 
a force is its effective part 
in this direction of motion. 
It may be understood with 
the help of the following 
example. Suppose O re- 
1 presents a carriage stand- 
ing on rails parallel to OX (fig. 1-3.18), and is being pulled along 
OC with a force R. R is equivalent to.P along OX and Q along OY. 
The action of O cannot displace the carriage along the rails. 
The motion of the carriage along the rails is therfore deter- 
mined entirely by the resolved part (P) of R along the rails. 
Problems. (1) A railway truck is pulled along level rails by a horse pulling a 
Tape with a force of 500 kgf in a direction making an angle of 30° with the 


rails. What is the force pulling the truck along the rails ? What is the force 
pulling it Sideways against the rails ? [Ans. 433 kgf ; 250 kgf.] 


shown in fig. I-3.16. The resolved part of the pull will tow the boat downstream, 

(2) A gale forces a mooring cable of a captive balloon to an angle of 30° 
with the yertical. The tension in the cable is found to be 50 kgf. Find (a) the 
horizontal force exerted by the wind and (b) the net up-thrust on the balloon. 
[Ans. (a) 25 kgf; (b) 25 3 kgf.] 

Further Examples: To miove a heavy box along the floor, generally a rope is 
tied to one end of it and pulled in an inclined direction (Fig. I-3.19), The upward 
vertical component somewhat lightenes the weight while the horizontal component 
F cos @ pulls it forward. Note that greater the inclination with the ground smaller 
the effective pulling component. Variants of this you must have seen in plenty. 


Fig. 13.19 
Instead of pulling, if 'you” push the box in an inclined direction the vertical’ 
component acts downwards) adding effectively to its weight and friction. That is 
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why one feels it easier to pull a heavy roller on the cricket pitch than pushing it, 
[Sec I-4.7., fig. 1-4.6] 

Flying a kite as well as a plane or navigating a sail boat, all utilise suitable 
components of air pressure’ exerted on the kite, wings of a plane or the sail of 
a boat. Try to think up other examples—there are lots of them around you. 

When a number of forces act simultaneously on a particle we may resolve 
each of them separately in perpendicular directions, add up the components and 
finally compound the results as in fig. 1-2.16. 

Ex. 1-3.12. In fig. I-2.16, let F,=60 gf, F,=100 gf, F,=75 gf, 6,=60°, 
0,2135". Resolving along F, and perpendicular thereto, we shall have 0,=0°, 
orF,cos0,—F,. The calculations may be tabulated as follows : 


Angle (0) x-component y-component 
ing i =F cos 6 (gf) =F sin (gf) 
a 
F,- 60 0 
F,=100 +86.6 
F,= 15 -53 
EXFa-457 XFy- +33.3 


R= \(57)? 4- (33:3): 8f = 66 gf. 
tan «353. o.588 or « 304*. 


Problems. (1) Two equal forces, inclined at 60°, act on a particle. Resolve 
the forces along the bisector of the included angle and perpendicular thereto. 
Hence find the magnitude and direction of the resultant. [Ans. «. 43 times the 
magnitude of either force ; along the bisector of the included angle.] 

(2) Three coplanar forces 1, 2 and 3 gf respectively act at a point. The 
angle between the first and the second is 60° ; the angle between the second and 
the third is 30° ; and the angle between the first and the third is 90°. Find the 
magnitude of the resultant and the angle it makes with the first force. 

[Ans. 5.14gf, making an angle of 67°5’ with the first force.] 


1-3.8. Projectiles: Whenever a body is projected i.e. thrown 
at an angle to the horizontal it is said to be a projectile and its motion 
provides a very important case of resolution of motion. When a 
footballer takes a spot kick, a canon fires a shell (fig. I-3.13) or a 
superpower releases an ICBM, the moving bodies are projectiles. 
They are activated by impulsive forces (large forces of very short 
duration) which are supposed to have stopped before the affected 
bodies have appreciably moved. The body then moves on with 
constant speed and in absence of air resistance, along a parabolic 
path, as already established. 

9 
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In fig. 1-3.13 let the shell be fired with an initial velocity u at an 
angle @ to the horizontal or x-axis. u is therefore equivalent to 
,4 cos 0. along the x-axis and u sin 6 along the vertical or y-axis, 
‘Replacing u by u sin @ in the equations for the vertical upward 
motion we. find that the maximum height H (=Y mas). attained by 
ithe shell.and the time taken for so doing would be 

H-—iu* sin?o/lg and’ T=u sin 0/g (1-3.8.1 and 2) 
Now ther the. time for the Shell to attain the maximum height and 
then to return to the earth must be 2T.. During this interval the 
shell would be moving with a constant forward velocity u cos 0 so 
covering a distance, 
Y X-:u cos 6.2T=u cos 6.2u sin 0/g 


This distance is called the range (R) of the canon. So 

R-u* sin 26/g 
This has a maximum value for the given. canon when sin 20=7/2 
or 8—45*. 


Ex. 1-313. 4n obstacle 19.6 m from an observer ig 147 m high. He pro- 
jects a body with an initial. velocity. of 19.6 mis so that it just passes over the 
obstacle. Find the angle of projection. Neglect air friction and take g= 
9.8 m|s?. : [J.. E. E. 80] 

Ans. In absence of air resistance the Projectile follows a Parabolic path 
of which 14.7 m Tepresents the highest point ; so from the relation 


u? sin2A 
Ymas = sinta 


we get 
"44:7. 19.6)" sinó snp (14.72% 9.8 
7-8 OF sind=( "19.6% 19.6 
just passes over a wall 64 ft high and 
city and direction of the shot. [U.P.B.] 
(Ans. u=32y 13 ft/s ; tan 0=2/3 ) 


t 
) = 3 or 6=60° 
2 
Problem: A shot after leaving a gun 


192 ft away, horizontally. Find the velo 
(8 =32)ft/s?. 


mmm NN UON UNE......LLLLLILELLLI eee eel 
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each force of the pair acts on a different body. Whether the bodies 
are at rest or in motion, touch each other or are Separated by a 
distance (as for two magnets), the law is of universal application. 


(1) Consider a book lying on a table. The weight of the book 
exerts a downward force on the table. According to the third law, 
the table will exert an equal and opposite force on the book. If the 
former force is called the action, the latter force is the reaction. Note 
that reaction lasts only so long as the action is there. Besides, 
action and reaction act on two different bodies, and cannot, there- 
fore, produce equilibrium. For equilibrium the forces on one and 
the same body must be balanced. 

(2) When a ladder leans against a wall it presses upon the wall. 
This pressure, here called the action, tends to overturn the wall. 
The counter-thrust exerted by the wall on the ladder is the reaction. 
It keeps the ladder in position. 

Observe that in both the examples we consider the two interact- 
ing bodies (the book and the table, the ladder and the wall) only, 
as if nothing else exists and no other force by any agent acts on 
any of them ; e.g. air pressure exists on each but we disergard it. A 
‘moving carrom striker hits a dice and both move off in different 
directions ; in considering their interaction we likewise disregard 
friction and air pressure. Hence the pair of interacting bodies form 
an isolated system and no external force acts upon. it. 

_ Remember then, when two bodies A and B interact 
(D) They may do so either by contact or from a distance. 


(2) The pair of forces are said to be action and reaction. 
(3) The forces are perfectly reciprocal i. e. equal and opposite, 
F,5- -F5, 

(4) Either of them may be the action, the other one then the reaction. 

(5) Action and reaction act always on two different bodies, never on the 
same. No question of equilibrium therefore arises. 

(6) Equality of action and reaction holds whether the bodies are at rest 
or in motion, in an isolated system. 

(7) They arise simultaneously and hence bear no cause and effect relation 
to each other. 

(8) Reaction lasts so long as action does. 


Isolating a body: Let a block hang by: a cord as shown in 
fig. (I-3.20). The block pulls the cord down with a force 
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F; (say) while the cord pulls the block upwards with equal reaction 
force F. The block then remains at rest. "To consider the prob- 
lem, the body is isolated by drawing a dotted line around it. Only 


MOTION REST 


EARTH 


Fig. I-3.20 , 
those forces acting on it from outside this boundary, determine its 
state of rest or motion. Fg is the force with which the earth attracts 
the block while the cord is pulling it up with an equal but opposite ' 
force F (Note that F, and F are not an action and reaction pair though 
equal and opposite). Vectors add up to a null result and the block 
is at rest. When F,>F, the string will snap under a downward 
resultant vector (Fg —F). 

1-3.94. Demonstration Experiments : (1) The hook of a stout 
spring balance is attached to another and the pair hung from a rigid 
Support as shown in fig. I-3.21. Now pull the 
lower one and notice that both the balances showing 
the same reading. This means that the force with 
which the lower spring pulls the upper one down- 
wards is the same with which the upper one pulls 
the lower one upwards. 

. The same reading will be given by both the 
spring balances if you take the above pair in your 
two hands and pull them apart. Now this result 
elucidates the following case—that of a tension 
transmitted through a rope, 

Consider a rope tied to a tree and a man pull- G 
ing at its other end. The force exerted by the man ) 
on the rope is the action. The reaction is the equal 
‘and opposite force exerted by the rope on the man. Fig. I-3.21 


Ti UE | 
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The force exerted: by the man on the rope is transmitted through 
the rope to the» tree. The rope thus exerts an action on the tree. 
The tree exerts an equal and. opposite reaction on the rope. The 
rope is in equilibrium under the action of the pulls exerted on it by 

' the man and the tree. 

[In this example the. rope transmits two forces through it—one 
exerted by the man which acts through the rope on the tree, and 
the other, the reaction to this force which is exerted by the tree on 

the man. The rope is stretched and is said to be in ‘a state of 
tension’. Either force transmitted through the rope is called a tension. 
This would show that when two men pull at two ends of a string, 
each with a force of 20 kg, the tension in the string is still 20 kgf 
and not 40 kgf] A 


Problems. (1) One end of a string is tied to a fixed post. Two boys pull the 
string at two places, each with a force of 20 kg-wt. What is the tension in the string 
(a) between the post and the first boy, (b) between the two boys ? 

[Ans : (a) 40 kgf, (b) 20 kgf] 
(2) In a tug-of-war each team pulls with a force of 100 kgf. If a spring 
balance is inserted in the string between the teams what will it read ? (100 kgf) 


(2) A small electric toy railway engine is mounted as shown in 
fig. 1-3.22 on a track provided by a horizontally mounted bicycle 
wheel; the wheel is free to move about its vertical axle. You notice 
that as the engine moves, the wheel starts rotating backwards. The 
spinning wheels of the engine pushes on the track backwards and 
the track pushes them forwards equally, the two forming an action- 
reaction pair. If friction be very small, the engine and the track 
will be moving uniformly j 
but oppositely for quite 
some time after the electri- 
city is disconnected, as no 
resultant force acts on the 
engine-track system. 

In a circus you may have 
observed a baby-elephant 
on a very large sphere per- Fig. 322 
forming as above. 

(3) Barker's mill (chap. II-4) is a tall cylinder with a few L-shaped 
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horizontal nozzles fixed horizontally near its bottom ; the cylinder can 
rotate freely about its axis. It is filled with water keeping the nozzles 
closed by fingers. When they are opened water rushes out through 
the nozzles and the cylinder begins rotating by reaction to the water 
pressure in the opposite direction. The rotary lawn sprinkler is only 
an adaptation for practical application; water escaping from the 
nozzles sets up backward rotation of the container thus sprinkling 
water uniformly over a large circle. 


1-3.9B. A few Apparent Anomalies and their clarifications; 
(1) A falling apple— 

It is said that at 23 years Newton started thinking about Gravita- 
tion by observing a ripe apple falling from a tree. Now, the third 
law poses the apparent anomaly—why the apple falls and not the 
earth moves up if the forces between them are equal but opposite ? 


The explanation lies in the vast disparity between the. masses of 
the earth and the apple. From the second law of Newton 


Fy,,—m,g' and F,,—M;a 
Since F,,-F,, we have m,g-M,a ~. a[g-m,|M, 


As the earth-mass M, is so much greater than the mass of the 
apple m,, the acceleration of the earth a is so much smaller to- 
wards the apple than g, than that of the apple towards the earth. 


When a person jumps ashore from a country boat the latter is 
visibly pushed back but not so when he jumps out from an ocean 
liner. The mass of the boat is comparable to that of the man but 
that of the liner is so much greater. Hence the difference. 


(2) Moon attracted by the Earth stays up: Both the apple 
and the moon are subject to gravity ; but it is the apple that falls 
to the earth but not the moon ; why ? 

Because the moon moves uniformly round the earth. You will 
learn in Chap 1-5 that a centrifugal force acts on the circling moon 
away from the earth which just balances the pull of the earth. The 
same happens to all our artificial moons. Stop them in their tracks 
and all of them would fall to the earth just as the apple does. 

Remember that thé point to be strongly emphasized in dealing 
with the third law is that action and reaction are exerted on different 
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bodies. So the question of their producing equilibrium does not arise. 
Equilibrium of a body is determined by the forces acting on the body. 
Any force the body itself exerts on any other body or bodies does 
not come in the picture. i 
(3) Horse pulling a cart and a’ Rickshaw-puller pulling his 
vehicle: The horse pulls the cart forward through the traces that 
binds him to the latter. By Newton’s 3rd law the cart pulls him 
backward equally through the same traces. How then does the 
cart advance ? How does the rickshaw move when pulled ? 
Because, the pull and the equal, counter-pull between the respec- 
tive units are not the only active forces; there arise other unequal 
forces which start and accelerate the system. They are shown in 


fig. 1-3.23(a) and (b). 


bi 


a 


Fig. 1-3.23(a) 


We must isolate and specify the. forces acting on the pulled (the 
cart or the vehicle) and the puller (the horse or the man). 

(a) The forces acting on the cart (fig. 1-3.23a) or the rickshaw 
(fig. 1-3.23b) are two in. number. j j 

(i) the tension: applied by the puller through the traces, or the 
handle acting in the forward direction and , 

(ii) the frictional forces acting backwards at the wheels opposing 


the motion. 
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(b) The forces exerted on the horse or the puller are also two— 


(i) the reaction force of tension P acting through the traces 
applied by the cart or the vehicle backwards and 


(ii). horizontal forward component H (=R sin@) in both cases. 
: H is the compo- 
nent of the reac- 
tion A of the 
ground to the 
Pressure applied 
by the horse or 
the man. Either 
of the pullers 
press the ground 
with his foot in 
an inclined direc- 
tion which brings 
Fig. 1-3.23(b) out an equal and 
opposite reaction R. Its horizontal component in the forward direc- 
tion is H. Only when H>f or F, (the friction) would the cart 
or the vehicle roll forward. 


The reaction exerted by the cart or the vehicle merely retards 
the motion of the horse or the man. The action exerted by the 
latter on the earth helps to accelerate the system forwards provided 
H» f, or F. 


The force diagram is in the lower part of the first diagram. The 
horse presses the ground obliquely along o,a, and its reaction acts 
along 40; The muscular action of the horse in its legs while 
pressing the ground along o,a, provides the action bringing about the 
reaction R along ao, ; its horizontal backward component at the 
start, must be balanced by the frictional force represented by ojf 
offered by the ground so that the horse does not slip. When the 
cart starts moving forward, the frictional force f switches over 
backwards as the horizontal forward component exceeds it. 


[ Remember friction always Opposes any tendency to motion whatever 
be the direction ]. 
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Problem :, Both statements are true—() In a tug-of-war both parties must pull 
equally on the rope ;. (i) The party that pushes the ground harder wins, Justify. 
[ J. E. E. ] 


(4) Walking. Before a man starts to walk he stands erect and 
lifts one leg. His weight is supported by the vertical reaction of the 
ground, As his leg muscles 
bend his other leg, he leans 
forward and at the same time 
pushes forward his other leg. 
A large number of leg and 
body muscles take part in this 
action (which is too complicat- 
ed to discuss). But in this 
position the point of applica- 
tion of the reaction of the 
ground on him moves forward 
(and the heel may be raised). 
The. reaction . increases in Fig. 3.24 
magnitude than before and is directed up the inclined leg in touch 
with the ground. The vertical component of this reaction supports 
the man's weight. The horizontal component prevents the man from 
slipping. ‘ 

If the frictional force between the foot and the ground in the 
forward direction does not balance the backward component (Q) of 
his pressure P of the ground, he will slip and fall forward on his 
face. We shall return to this discussion in the next chapter. 


(5) Braking an Automobile to Rest; We cannot start or stop 
a car by pressing from inside it. For then the force applied is inter- 
nal and not external. Newton's Ist law prohibits any change in motion 
unless a force is applied from outside. How then a bus or a car 
is stopped by the driver who is inside the car ? 

When you have a clear idea of friction (Chap 1-4) and moment of 
a force (Chap I-6) later, you would appreciate the solution provided. 
All auto-cars like buses, trams, railway engines or motor cars, roll 
forward on wheels which revolve or rotate. Rotation is produced by 
a couple, ie. a pair of equal unlike forces acting at two different 
points of a finite body (not a particle; why not 2). The moment of 
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the couple (by which its ability to generate rotation is measured) is 
a vector product of any of the forces and the perpendicular separation 
of their points of application. 


The wheels in rotation are under a couple. When the driver 
brakes, an Opposing couple tending to decelerate the wheels, act on 
them. But then if the linear motion is not decelerated at the same 
time, the wheels continue skidding i.e. slipping on the road surface ; 
this often, happens when the roads are snow-bound, wet or slushy. 
Ordinarily friction of the road-surface opposes skidding or forward ` 
motion. So finally the friction between the road surface and the 
tyres is the external force that Stops the braked automobiles, 


1-39C. Further Iliustrations of the Thrid Law: Examples from 
daily life is legion. Try to kick open a tightly shut door. As it 
flies open your feet decelerates and if your foot is bare you will 
realise the magnitude of the reaction. Like à karate-master try to 
Split open a brick with your palm, or just box a wall—you will be 
convinced of the accuracy of the third law. Try to hit over the head 
of a fast bowler in cricket : if you don't have your timing proper, 
you may find your bat knocked out of your hand. Fire à rifle with 
the butt loosely held to your body ; you may find yourself knocked 
flat on your back. Jump ashore from a country-boat, the boat moves 
back ; but during jumping make sure that the agent supplying the 
reaction is appropriate. Jumping down from a moving swing or 
run on and jump from sand or thick mud (for high jump or broad 
jump) is not advisable for you don't get the appropriate reaction. 


When a gun is fired the explosion of the gun-powder or the strike 
of the hammer propels the bullet forward and the gun recoils by 
reaction. Canons used to be mounted on wheeled platforms so that 
after firing the shell it could safely recoil. You might see pom-pom 
guns firing upwards, telescoping back into slightly wider barrels. 
When a rocket is fired either. in amusement or as a missile or space- 
shot, the burning gases come out with great momentum downwards 
and. by reaction the rocket soars upwards. 


We have learnt above how reactions of the ground enable the 
horse to pull the cart or the rickshaw-puller pull his vehicle or the 


M 


or a party to win 
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groundsman the heavy roller on the cricket ground, or you to walk 


a tug-of war match. 
In all these cases we 
find also -~ illustra- 
tions of resolution 
of forces. , A very 
similar case is that 
of starting à. coun- 
try-boat. The boat- 
man pushes obli- 
quely (fig. 1-3.25) 
through a pole on 
the river-bed, the Groundreaction 

forward component Fig. 1-3.25 

of the reaction puts the boat moving. ‘ 

Put a strong magnet near an iron piece. If you hold down the 
magnet the iron piece moves towards it ; hold down the iron piece, 
the magnet would move towards it. The mutual attraction is an 
action and re-action pair. 

The list of examples cannot be exhaustive. 


I-3.10. Different kinds of Action and Reaction : 


(1) Tension or Pull: It has already been discussed above. 
The role it plays in the horse and cart problem or in supporting a 
hanging load we have seen. Presently we shall enquire into its role 
in the motion of a connected system. 

In a tug-of-war match tension generated by either of the teams 
through the rope must be equal and opposite. But the members of 
the team that presses the ground more, wins the macth. (Why ?) 

This type of action-reaction pair tends either to bring the two 
interacting bodies nearer or to prevent them from moving away 
from each other. Such forces act through either a flexible medium 
like springs or strings (the traces in the cart and the horse problem) 
or through solids (the long handle of the rickshaw). 

(2) Push and thrust: This action-reaction pair is opposite to 
pull or tension, and tends either to separate the inter-acting bodies or 
prevent them from coming together but acts through a solidi: 
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Walking or starting a country boat (fig. 1-3.25) are examples 
we have studied. You kick open a door, hit. a cricket ball by a 
bat, try to throw down a wall, you apply an action and feel a 
reaction. A push distributed over a finite area is a thrust e.g. the 
force exerted on a table by a book and that it experiences, so that 
the two are at rest. 


(3) Friction: Whenever a body tends to slide over another, 
Such as a sledge on ice or through a fluid such as a submarine 
through water or a plane through air, it faces a force of reaction 
from the latter. This is the well-known force of friction which 
always tends to oppose relative motion and stops moving bodies. 

For obvious reasons all these action-reaction forces are termed 
contact forces. 


(4) Attraction and Repulsion : Gravitational, electric and 
magnetic forces tend to pull bodies under suitable conditions toge- 
ther or push them away but without any visible contact. They are 
said to be field forces. 


The earth pulls the moon and keeps her in orbit, the moon pulls 
the earth equally and raises tides on her oceans. We have seen a 
magnet attracts a piece of iron just as the latter pulls the former. 
These are attractive action and reaction pairs. Hang a pair of mag- 
nets or a pair of charged balls with similar poles or charges closely 
Side by side. Both in each pair would move away from each other. 


1-311. Action and Reaction—Two particular Examples : 


A. Motion of Connected Systems: Fig, I-3.26 shows a bock of 
mass ni, on a smooth horizontal table pulled by an unstretchable 
string of negligible mass attached to a load m, hanging over a mass- 
less smooth pulley. The pulley is.so considered to simplify the 
problem so that it merely changes the direction of the tension T' of 
the string at that point. The weights are so chosen that they move. 


To study the motion of the system we mentally isolate the block 
m, and reduce it to a point at O ; the acting forces on it,are (1) T 
the horizontal tension on the string, (2) mg the downward pull of the 
earth on it and (3) its reaction N, the vertical force exerted by 
the table on the block upwards. The block will be constrained to 


' 


| 
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accelerate only horizontally and so no acceleration along the vertical ' 
direction. Hence we write, considering magnitudes only 

N-m,g=m,(a,)y=0, or N=m,g and T=m,(a,)x (I-3.11.1) 

To find T we consider the 
motion of m, once again 
considered a particle and under 
two forces (1) T upwards (2) 
m,g downwards. As the system 
is accelerating downwards 
under the resultant of these 
two, we have 

mg—T=m, (a)y (1-3.11.2) 
Since the string is unstretch- 
able and the direction of ten- 
sion changes at the pulley, we 
must have (a)4-—(a), or the Fig. 1-3.26 
common acceleration of the system as a. Thus from the above two 
relations 


T=m,a and mg—T=m,a 
Adding the two. we get m,g-(m,d- m a 
or a=gm,/(m,+m,) (1-3.11.3) 
T-mm;g|(m,4-m;j) 
From íhese relations we find that for accelerated motion to continue 
always TW (=m,g) and. ag. 


Problem: A load of 1 lb is pulling a mass of 15 lb on a smooth table by a 
light inextensible string. Find the acceleration of the system and the tension of 
the string. [Ans. T=32 poundals ; a=2 ft/s?] | (S. S. Q. 1979) 


Ex. 1-3.14: Two cubes of masses m, and m, lie on two smooth slopes of a 
block A on a horizontal plane. They are connected by a string passing over a 
frictionless pulley. What horizontal acceleration is to be imparted to A such that 
the blocks do not slide down. the: planes ? (L1.T. '78) 

Solution : Recall that in explaining the behaviour of bodies (e.g. men) in a 
Horizontally accélerátéd frame (e.g. buses starting) We had “introduced oppositely 
directed pseudo-forces.. We do so here. 

When A accelerates towards right with an acceleration a then the two masses 
experience pseudo-forces ma and m,a to the left. Isolate m,—the forces on it 
are (i) pseudo-force m,a; directed to the left (i) vertically downward weight m,g 


B 
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and (iif) the tension T parallel to. the plane inclined at 8 to the horizontal, As 
it is at rest we must have (Draw, your. own figure) 
T--m,g sin 8=m,a cos 8 
Similarly isolating m, and considering its equilibrium we have 
m,g sin «—T—m,acos « 
Adding we get g (m, sin «+m, sin 8)=a (m, cos “+m, cos 8) 
The acceleration required for the block 4 and the tension of the 
string are 
quel, Sin «+m, sin B, 
m, Cosa+m, cos 8 
and T= "m,sin («—8) g 
m, COS «4-m, cos B 
[ Do you notice similarities with eqn. I3, 11.3 ?] | 


g 


In fig. I-3.27 we have another arrangement where both the 
j loads move vertically, one up the other down, | 
connected by a light unstretchable string and 


passing as before over a smooth light pulley. 
The load m, being lighter than m,, will move 
up. From the diagram we may write 

1 T—mg=ma and mg—T=m,a 
for in both cases T acts upwards as one of an 
action-reaction pair. Adding them we get 


(m, —m,)-— (m, + m.)a or a=(m,—m,)g/ (m+ m.) 


(I-3.11.4a) 
meg Substituting © this) value of a we get 
Fig. I-3.27 T—2 mmg/(m+m) (I-3.11.4b) 


Ex. L3.15: A light inextensible string passing over a smooth pulley carries at 
its two ends loads of 2 and 3 kg n 


espectively. Find its common acceleration and 
the tension on the string. 


Solution : The net downward force acting on the System is (3—2 or) 1 kgf, 
for the lighter one is coming up, the heavier going down. So $ 
i acting force=9.8N and the total mass=3+4.2=5 kg 


The net acceleration of the system —- 9:8 NS 1.96 m/s? 


5kg 
[ You get the same. result by directly applying the above equation ] 
know that the 3 kg load is descending with this acceleration, Then 


196 mj 39 -T or T=3x98N—3 kgx 1.96 m[s* -24 kgf 


We 


[Same result!follows from directly putting the formula ] 


B 


a 
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Problem: A mass A (=500 g) is placed on a smooth table with a string 
attached to it which passes over a smooth pulley and supports another mass B 
(=200 g) hanging vertically. At /—0, A is 200 cm from the pulley and moving 
away at 50 cm/s from it. What will be its position and speed at t=1s. ? 

(I. T. '75] 

Solution :- B is moving up under a force m,g—T and A isi moving say to 
the left with a force ma(=T) where a is the common acceleration. Neither the 


pulley nor the string has weight ~ 


*, 200xg—T=200a and 500xa=T 
E _ 200 x 980_ 
a= sg = 280 emis. 


Now u=—50cm/s .. v-u-cat- —50-4-280x 12230 cm/s.. 
and Sut +at°=—50x 1+3x240x1=70 cm. 


B. Reactions in a Moving Lift: Most of us are familiar with 
a peculiar feeling (‘butterflies in the stomach’) when (1) the lift we are 
in, suddenly starts downward (2) or when. the large vertical merry- 
go-round in festivals, starts descending fast (3) the aeroplane gets into 
a rarer air pocket and bumps downwards or (4) during sea-bathing 
the retreating waves pull out sand layers from beneath our feet. 
Again, when the lift suddenly starts ascending, the seat in the merry- 
go-round start climbing or the plane gets into a denser air pocket 
bumping upwards, we seem to feel an increased pressure at our feet. 
When again in a great hurry we try to pull up fast a heavy weight 
with a string, it snaps ; but had we pulled it up slowly the string would | 
have supported the weight. When the rising lift decelerates to rest - 
we feel lighter but when it decelerates while descending we feel 
havier. 

In all these cases an extra force is applied to the moving system 
and an added reaction results. As generally we are unprepared for 
the reactions, we have such unaccustomed feelings. Let us consider 
the various cases of the moving lift, with a person of mass m kg 
standing in it. 

(a): Lift rising with a constant velocity :—The weight of the man 
mg acts vertically downwards and. presses on the floor of the lift. 
Clearly the floor reacts on the man with R, both acting along the 
same line and through the C.G. of the man. This R gives us our 
sensation of weight. When the lift rises or descends uniformly, 
according to Newton’s first law. there is no resultant force on 
the man, his weight and its reaction remaining equal and opposite. 
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He feels nothing unusual. Note that (i) the third law holds equally 
for bodies in motion and (ii) whether at rest or in uniform motion, the 
lift being an inertial frame. 


(b) Lift rising with a constant acceleration a: The floor of the 
accelerating lift would also accelerate i.e. apply an upward force on 
the man and he will exert. an equal reaction ma downwards in addi- 
tion to his weight to that the total reaction on the floor becomes 

R} =mg+ma=m(g+a) (I-3.11.5a) 

Hence the man feels himself heavier. 


(c) Lift descending with an acceleration a ( a< g) :.. Here with 
the lift the man also descends with same acceleration. So the force 
on him will be less than his weight and hence his reaction on the 
lift floor will also be less, so that 

mg—R-ma or RT =m(g—a) (I-3.11.5b)- 
The man feels lighter. 


Note that in these two cases the lift is an accelerated frame and 
hence a pseudo-force arises in both cases opposite to the direction 
of motion. i 


In 1-2.14 we had arrived at these very expressions for resultant 
accelerations from the standpoint of relative acceleration along the 
same line. : 


| 
(d) Lift falling freely (a= g). Weightlessness : Suppose the cable | 
supporting the lift snaps and it comes down with acceleration g: | 
From above formula we find, R vanishes. So the man feels weight- 
less as both he and the floor accelerate down at the same rate and 
contact between his feet and the floor no longer exists. Then, a | 
brief-case in his hand need not be supported. 
(e) Lift accelerating down with ag : Superweightlessness : 
This unusual case can be simulated if a powerful engine drives the 
lift downwards. The man will accelerate down only with g but the lift 
moves down faster ; so the ‘man will get detached from the floor and 
to an observer strapped to the lift, will appear to rise inside the lift 
(though actually falling) until his head reaches the ceiling and press 
on it upward with a force m (a’—g). This phenomenon is super- 
weightlessness and may prove fatal to a pilot thrown out from à nose- 
diving plane. . > 
X Ba 
ee 
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Ex. 1-3.16: (J) A manweighing 60 kg is inside a lift. What will be the re- 
action of the floor on the man when the lift is (i) at rest (ii) accelerates up at 490 
cm[s? (iii) ascends with a decleration of 490 cm/s (iv) rises with uniform velo- 
city. g=980 cm[s* [J.EE. '82] 


Solution : (i) With the lift at rest R=mg=60 kgf 
(i) R=m(g+a)—mx3g=90 kgf “+ a-490 cm[s'—ig 
(i) R=m [g+(-a)]=4 mg—30 kgf 


(iv) R=60 kgf. 


Ex. 1-3.17: A weightless rope can support a maximum load of Mg. Find the 
greatest load that can be raised through h from rest with uniform acceleration for 


t $ after accelerating up uniformly. 


Solution : If the acceleration is a then the tension om the string pulling up 


a mass m is T=m(g+a) 


Obviously 75,44 — Mg and hence with the above value of T, 
mmaa— Mgl(g +a) , 


As the mass rises through a height from rest h in time t with an 
acceleration a, we have i AI di^ 


h-—ift* or a-2h|t*. 
Substituting this value of a in the above relation we have 


mmag—- MK(14-a]g) 2 MI 3-2h]gt*)) 


Problems: (1) A lamp. hangs vertically from a,cord in a descending elevator 
which decelerates at 8 ft/s? before coming to a stop. If the tension of the dord 
is 20 Ib:wt; find the mass of the lamp. If the elevator ascends with same accelera- 
tion what is the tension? g=32 ft/s? (Ans,: 0.5 1b,.20 Ib-wt) 


(2) A sand-glass is weighed twice in a sensitive balance—once ¡when the sand 
is falling slowly from the upper compartment to the lower, and again when all the 
sand has collected in the lower. Will you get the same weighings ? 

(Ans. No. Larger in the second.) 
-10 i 
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@) A body A rests on an aeroplane B. State and explain the conditions in 
which the action and reaction between A and B will be 


(i): Equal to the weight A ;) (ii) Greater than the weight of A ; (iii) Less than the 
weight of A“; (iv) Zero. 


J-3.12. Procedure in problem work involving forces, In solving 
problems involving the action of more than one force on a body or a 


System of bodies, much difficulty may be avoided by following the 
procedure suggested below : ‘ 


G) Select one of the bodies for consideration, usually the one 
of which rest or motion is to be discussed. Consider this body to be 
isolated from the rest of the System by an imaginary closed surface, 


as in fig I-3.20. Mark all forces which act on this body from outside 
this surface. 


(ii) Construct a 'force diagram" in which the selected body is 
represented by a point, and represent by suitable vectors all of the 
forces acting on this body from outside the imaginary surface. Be 
careful not to omit any force, but never include any force which this 
body exerts on other bodies. If any force is unknown, represent it 
by a vector, but mark it as unknown. 


(iii) From the force diagram find the resultant of the forces. If 
it is zero, the body is at rest. If, otherwise, this is the unbalanced 
force which gives the body an acceleration in its own line of action. 


A beginner may avoid. much. confusion if he remembers. that 
(a) A force like a push or a pull is exerted by contact. 


(5b)' An electric, Magnetic or gravitational force acts without 
contact, ` l 


(©. When two bodies are in contact, the reaction of one on the 
E 


| 


E Y ^ 
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other, is exerted at the point of contact. Action and reaction “act in 
the same line. i 


(d) In a flexible cord stretched between two points, the tension 
is the same throughout. The tension acts on the body at the end 
of the cord, and exerts a pull on the body along the cord. 


Worked Examples: Let us take a few examples to illustrate the 
procedure sketched above. 


Ex. 1-3.18: Find thel tension in a vertical cable when it Pulls a 2000 Ib 


elevator upwards with an acceleration of 4 ft]s2. 


Solution : Step (i)—Since there is only one Body to consider, Eran of 
step (1) is obvious. 


Step (i)—The force diagram is represented in the attached fig. O represents tle | 
body. It is acted on by two vertical forces, (a) the downward pull W due to thé" 
earth and (b) the upward pull T, here unknown, |, ed eti 
due to the cable. 

Step (iüi)—Since the body moves upwards 
T — W and the balance T—W gives the body 
an acceleration of 4 ft/s?. o 

Now since the weight of a body=its massx 
Acceleration due to gravity, we have 


T 


w 


W=2000 x32: poundals (taking g=32 ft/s). | ,*, T—32x2000=4x200 
; Or, T=72000 poundals. 


Ex. 3.19: In the same problem, what will be the tension if the elevator 
snoves downwards with the same acceleration? 

Solution: The force diagram is similar, butnow W>T and the unbalanced 
force becomes. : s 

W-T-mass of the elevator Xits acceleration. 


Y 


32x2000 — T —2000x4 
Or, T=56000 poundals. ; 


of 5 1b is pulled along a horizontal smooth table by a 


Ex. 1-3.20: A mass dot i 
light inextensible string passing over a smooth” pulley and carrying a mass 3) Ibe 


Find the tension in the string and the acceleration of the system) ^o 70 n> 


RM 


ë 
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Solution ioiStep (@—Select the 3 lb: mass for consideration and imagine it 

isolated from the rest of the System by an imaginary closed surface. (Refer to 
fig 1-3.27). 


Step’ (li) Construct the’ force diagram of the selected body. The forces on it 
are;(a) the weight W, of the body=3 x32 poundals acting downwards and (b) the 
tension T of the string acting. upwards, 


‘Step (di)—Since the mass mioves downwards with an acceleration a (say), we 
- have Total downward unbalanced force=mass x acceleration of the moving body, 


or, 96—T —3o. (A) 


Consider now the 5 Ib mass similarly. The forces on it are (@) the weight W, 
=5x32 Poundals acting vertically downwards, (b) the reaction R of the table acting 
vertically upwards and (c) the horizontal pull T on it due to the string. As 
is no vertical motion W, and R must balance each other. Hence the unbalanced 
jd horizontal tension. T. provides the acceleration \of this mass. 


there 


Since the two masses 
are connected by am inextensible string, their accelerations dre the same. Hence 


» T=Sa (B) 
Solving equations (A) and (B), we have 


T=60 poundals and a=12 ft/s?. 


Ex. 13.21: Two masses 500g and 400g are connected together by a light 


inextensible String passing. over a smooth fixed pully. Discuss the motion and 
find the tension in the string as also acceleration of the system. (Draw the necessary 
diagram yourself.) 


! Solution + Obviously the heavier’ mass’ moves downwards, and, as a result, 
pulls up the lighter one. 
Let T be the tension in the string 


| and a the common acceleration of the systenr 
consisting of the two masses. ^ 


Select the 500 g mass for Consideration. In constructing 
remember that. the forces. on it are (a). its weight 500x980 dynes 
and (b) the tension T acting upwards, 
the acceleration a. 


its force’ diagram 
acting downwards, 


The unbalanced force 500x980—T gives: it 


*i 
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“+, 490 000—7—500 a Sessa B 
Similarly for the 400g mass, we get Y $ (B) 


T —400 x 980=400 a 
Solving (A) and (B), we have 


T=435 600 dynes and a—108.9 cm/s’. jai 


Ex. 1-3.22, Inclined Plane: 4 body of mass m starts from rest and slides 
down along a smooth plane inclined at an angle @ to the horizontal. gwna the 


acceleration. í * 

i ^T 

Solution : Force diagrami—The body is acted on by two forces, (a) its. weight 

mg acting vertically downwards, and (b) the reaction 

R of the plane, here unknown and. perpendicular 
‘to the plane. 

Resultant ; As the motion occurs along the 
plane the resultant of these two forces must be 
directed parallel to the plane. The magnitude of 
fhe resultant may be obtained in the ordinary way 
by combining mg and R and remembering that 
the angle between them is 180°— 6. 


'Fig. 3.13 


It is however easier to obtain the magnitude of the resultant by resolving mg 
along and perpendicular to the plane. These resolved parts are mg sin 0 and 
mg cos @ respectively. As there is no motion perpendicular to the cH the 


forces R and mg cos @ must balance, ie» R —mg cos 6: 


Acceleration: The remaining unbalanced force is mg sin @ parallel to the 
plane. This produces motion in» the: body "and gives it an acceleration 


mgsin dy sin 6, 


d cn XX 


i P 1O Wu 3 
Ex. k3.22:. A man weighing 120 lb stands in a lift which starts moving down- 
wards with an acceleration of.2/ft|s. Calculate the thrüst ‘he ‘exerts on the floor. 


If the lift moved upwards what is the thrust the man will experience? (g=32 jt]. 
52). í DiR j 


í10022H D DU 


Solution : Consider ‘the man isolated and draw the force diagram of the forces 
acting on him. The vertical forces are (a) his weight=120x32 poundals acting 
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| 
- As a result of 


120X32=120x2 or R=4080 poundals. 
. His weight is however 120x32—3849 poundals. 


Note. It will be seen from 


Accelération, a man in the lift feels lighter because the thrust between him ani 
the floor is smaller than his weight. 


tion, this thrust is larger than his 


3.13... Principle of Conservation of Linear momentum ; 


This very important principle follows from Ne 
and the momentum-impulse theorem, 


A. Statement : The total linear momentum of an isolated system 
of particles is not altered by the actions and reactions between the 
Particles comprising the system, if no external force acts upon it. For 
‘Particles’ we can read ‘bodies’, the bodies obeying Newton’s third 


law. The Principle applies only to closed systems, 


Wton’s third law 
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B. Derivation from the 3rd Law : Let a particle A act on another 
particle B with a force F for a time t. The impulse Ft of the force 
gives the change in linear momentum of B. Since B exerts an equal 
and opposite force on A, this reaction acts for the same time ¢ on . 
A, and produces a change of momentum Ft in A which. is opposite 
in direction to that produced in B. The changes in momenta due 
to action and reaction are thus equal and opposite. 


If A has a mass m, and while moving with a velocity un, it inter- 
acts with B of mass m, moving with velocity u, in the same direction 
so that their velocities decrease to v, respectively then 


Ft—myu,— mv 
and Ft=m,v,—mM2U; 


Or My TUS 0, + Ms i 
j (1-3.13.1) 
Hence the total momentum of the system consisting of the 
particles 4 and B is not changed by the action and reaction between 
them. This is true whatever be the number of particles in the system. 


Remember, bodies inside a closed system are not supposed to 
react with whatever may exist outside an imaginary surface (see 
fig. 1-3.20) which encloses only the bodies under consideration, We 
have said it before (8 I-3.9; Isolating a body) and emphasise 
it again. 

Alternatively, if P, and P, be the momenta of masses m, and m, respectively 


then from second law 


Fa =P. and roe 


and from 3rd law Fy=—Fe 


bu 
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dp... dp, 
dt 


"uae or aio. 5.)-0 


Integrating . PitPs=Const. ( same as 1-3.13.2 ) 


Note that (1) the principle holds regardless of the character of 
reactions as no assumptions are being made regarding the nature of 


forces, F, and Fg (2) the principle requires that the total momen- 
tum should remain constant both in magnitude and direction for 


momentum is a vector. (3) the principle implies. that momentum 
"ofa System can be changed only by unbalanced. external. forces, 
(4) the principle is more fundamental. than Newton's laws for 
the latter do not hold in the micro-world ie. dimensions less than 


atomic radii, but principle of conservation of linear and angular 
momenta do. 


C... Derivation of the 3rd Law from the principle of conservation 
of linear momentum is quite easy—just reverse the order of the above 
deduction. From the principle of conservation of momentum we have 


d 
Picp.-const or LED) ( 1-3.13.3) 


or F,+F,=0 or F,=-—-F; 


The 3rd law is contained in the first. We have deduced the 3rd 
law ‘from conservation of linear momentum principle. 3rd law 
emphasises the fact that internal forces cannot change the 
momentum of a system as a whole. To do so, some force must 
be acting from outside. That is what the first law states. Hence 
we may say that the 3rd law is included in the first. Thus we might 
-have done with the Second Law alone. The Ist law and Principle 
of momentum conservation state the same fact in different languages. 


| 


" 
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D. To change the linear momentum of a system of bodies, or 
particles, a force must be applied from outside the system. (1) Thus a 
cyclist cannot slow down his cycle by merely pulling at the handle. 
The change in momentum due to this pull on the cycle is balanced by 
that due to the forward reaction on the cyclist. A person sitting 
in a chair cannot lift it You cannot move a car pushing from 
inside. (2) A shell bursting in mid- air has a certain momentum 
before it explodes. When the fragments fly off in all directions after 
the explosion, each one of the fragments has a momentum of its own. ' 
According to the principle of conservation of momentum the sum 
total of the momenta of the fragments must be equal to the momen- 
tum of the entire shell. (3) When a meteorite burns up on entering the 
earth's atmosphere it transfers its momentum to the air molecules 


with which it collides and scatter them. 


Ex. 1-3.24: 4 projectile of mass 50 kg is shot vertically upwards with an- 
inital velocity of 100 m]s. After 5s it explodes into two fragments. One of 20 


kg mass shoots vertically upwards at 150 m |s. Eind the velocity of the other at that 


instant. Take g=9.8 m/s. [I I. T.773] 


Solution. Velocity of the projectile 5s after projection is 


v—u—g12500—9.8x 5 
=51 m/s 
The explosion is due to internal forces only, uad force acts. Then: 
Total momentum before explosion=Total momentum after explosion 
50x 51—20 x 150+30x0' 
v! =—15 mls. 


i.e: the bigger fragment will be hurled downwards with an initial velocity of 15 m/s. 
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Problems: (1) A shell falling vertically at 100 m/s explodes into two frag. 
ments of ratio 2:1 in masses, If the heavier one descends at 200 m/s just after the 
explosion what was the velocity of the lighter one at that instant ? 

(J. E. T. 76] (Ans. 100 m/s down) 


(2) A shell, moving northward with velocity v, explodes in midair into 
two equal pieces. The force of explosion projects one piece in the backward direc. 
tion with velocity v/2. Will there be any change in the velocity of the other 
piece ? If so, what? [Ans : Yes. The velocity will increase to 3v/2.] 


(4) Squid, an ancient sea animal, ejects a jet of water from a 
flexible funnel, for swimming forward or backward as the need may 
be. This is possible to conservation of linear momentum. 


(5) Gun firing a shell When a gun fires a shell, the shell 
acquires a momentum in its direction of motion. Before firing, the 
system consisting of the gun and the shell was at rest, and their 
combined momentum was zero. Since the explosion exerts equal and 
Opposite forces on the gun and the shell, their combined momen- 
tum will not change due to the explosion. The gun therefore acquires 
a momentum equal and opposite to that of the shell. The backward 
velocity which the gun acquires on firing is the velocity of recoil. 


Let M and m be the masses of the gun and the shell respectively 
and-V and v their velocities, 


Then —MV+mv=0 or MV=myp, ` (1-3.13.4) 


Ex. 13.25: A bullet weighing 8 g is fired from a 5 kg gun. If the speed 
Of the bullet is 400 m/s, find the velocity of recoil of the gun. 
[H. S. 74] 
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Solutio: From the relation MV —mo, 


we have V=mv|M=8 gx 400 m/s+5 kg 64 emis 


Ex. K3[:25: A parachutist with a machine gun has snapped the cord of his 
parachute and falling freely. With the parachute he weighs 100 kg. How many 
bullets of mass 20 g each per sec he must fire downwards at 1 km/s to check 
his fall? 


Solution. Let n per sec be the required number. Then the reaction of the 
firing would nullify the downward fall. So we have 


n|sx20 g x 1000 m/s=100 kg x 9.8 m/s* 


or n=49, 


Ex. 3.27: Determine whether the kinetic energy of recoil of a gun is more, 
equal to or less than the forward kinetic energy of the bullet. [ L 1. T.'78] 


Solution. Let the mass of the gun be M, much larger than that of the bullet 
(m). Let their recoil velocity and the forward one be V and y respectively. Now 


we know that their kinetic energies will be $ MV2 and 4 mv2 and MV=my 


E,=4MV? -MVAV -mv Ax; 
= tno? = Evy » (13.124 ) 


M>>m, we must have Eg< <Ep ie. recoil energy of the gun is far 
less than that of the bullet. 


This is why we can stand up to the recoil of a gun but are felled 
by a bullet fired from it. Bodies with identical momenta may not 
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have same kinetic energy when. their masses differ. Because of 
tremendous recoil energies of big canon firing big shells they used | 


to be either mounted on open railway carriages or themselves provided 
with wheels which you may have seen in old guns on exhibit. 


Problems : (1) Find the force required to hold in position a machine gun 


firing 10 bullets per sec., each with a mass of 0.005 kg projected with 2.5 m/s. 


(Ans. 125 x 10-4N) 


ay track standing on a straight track.. The 
the carrier, the Operators and shells is 2000 kg while that 


of a single shell is 25 kg. The shell is fired horizontally with: a velocity of 1 km/s. 
Find the speed of canon just after firing. (Ans. 123 m/s) 


total mass of the cannon, 


_ © The flight of rockets is another application of this principle. 
T The rocket has solid fuel.. One of the consti- 
tuents of the fue] provides the oxygen neces- 
sary for the combustion of the other constitu- 
ents. The products of Combustion within the 
TOCket are gases of small quantities that come 
out with a very high velocity from the tail end 
of the 'rocket (fig. L329) The main body of 
the rocket 8ets an equal and opposite momen- 
tum and moves forward, To change the direc- 
tion of a rocket-ship in space, small jets are 
fired from the sides of the rocket. These may 
be oriented as desired. 


Let a rocket of mass.M be moving up with 
an instantaneous velocity v (fig. 1-3.29). For the 


Present we ignore 9. Let the . combustion 
products of mass 8m be continuously ejected 
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per sec from it backward with a constant speed u relative to the 
rocket. Thus as the mass of the rocket diminishes to (M— &m) its 
velocity increases to v+ Sy, during a time-interval 8f. During that 
interval the average velocity of the rocket will be (v+48y) and that 
of the ejected gas ( »-4- $8» —4) in the direction the rocket is moving. 


Initial momentum of the rocket is Mv and after ejection of èm 
of the fuel, it is (M— 8m)(v+46v) whereas the momentum of the 
ejected gas is m(v+4 8y —u). Then from linear momentum conserva- 
tion. principle we have i 


(M —&m)(v-- 58v) + m(v-- 38v — w) = Mv 
or M.dy—mu=0 id 
or (8m/M) - (ju), 
neglecting the product of two small quantities 5m.8v. 
Now mass of fuel 3m burnt out is also 8M the diminution in mass — 
of the rocket. (Earlier, in deriving the relation F=ma we had 


indicated that mass of a moving body is not necessarily const and 
rockets. provide such an example). 


"^ àm--—5M 
, L8M ww 10 a 313.5) 
and so = ea ; ( 


Let the initial mass of the rocket--fuel be Mo and its inital velocity 
v, which after time of flight respectively reduces. to M and increases 
to v. So on integration between these limits we have — 
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and v=vo—u In(M]M;) (1-3.13.6) 


As the rocket rises the fuel burns and the mass of the rocket 
diminishes. If the fuel burns at a constant rate it provides a constant 
force (F) acting on the rocket. Hence the acceleration of the rocket 
goes on increasing so long as the fuel lasts. The same applies to 

. jets. Application of simple mathematics shows that 


downward velocity of gas relative to rocket 


acceleration — mass of rocket 


. X rate of loss of mass minus the acceleration due to gravity. 


ME d (1-3.13.7) 


"With increase of height above the earth g diminishes. If the fuel 
burns at a constant rate the acceleration goes on increasing due to 
loss of mass. 


` Now in actual cases, u and ( 8M/8t) remains more or less constant 
| as fuel burns out steadily but with height both g and'M go on dimi- 


E oe 
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nishing so @ goes on increasing, i.e. acceleration does not remain 
constant. Hence the galloping acceleration of the rising rocket you 
may have noticed in TV and wondered. 


Ex, 1-3.28: A rocket of total mass 6000 kg, of which 5000 kg is the propellant 
fuel, is to be launched vertically. If the fuel is consumed at the steady rate of 
60 kg/s, what is the least velocity of the exhaust gas so that the rocket will just 
lift off the launching pad after the firing? What is the thrust? Take g=9.8 m/s2. 

. LJ. E. E. 83] 


Solution. ` Let u=initial velocity of the exhaust gas, 
dm|dt-rate of mass of the gas ejected, downward and 


mg=weight of the rocket. 


Then the upward thrust=rate of change of momentum=u. dm/dt. For the . 
upthrust to lift the rocket immediately after firing we must have ~u dm/dt=mg. 
Substituting values we get required least.value of the velocity 980 m/s. 

Required thrust -u dm]|dt 

=980 m/sx 60 kg/s=58.8 x 109 N 


Problems: (1) Find the minimum. rate of fuel consumption for a 3000 kg 
rocket ejecting burnt gases at 300 m/s at the start to take-off vertically. 
(Ans. 98 kg/s) 


(2) In ls after vertical take off a rocket loses 2th of its mass. If gas is 
ejected at 5 km/s find its upward acceleration. [Hint ; Use Eqn 13.13.5] 
(Ans. 100 m/s?) 


(7) Jet planes utilize the same principle as rockets for motion. 
In the jet engine, air blows in at the front, is compressed and led 
into a combustion chamber. Here it is mixed with fuel and burned. 
The high pressure of the resulting gases is made to work a turbine. 
The turbine not only works the compressor which comipresses the 
incoming air, but also drives the gases through the tailpiece of the 


a 
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engine at a temendous speed. The plane gets a forward momentum 
equal to the backward momentum of the exhaust gases and moves 
forward. 

Thus the principle on which the rocket and jet propulsion acts 
are identical. But they differ in their working as much as jets 
utilise oxygen from the air sucked in, whereas a rocket carries inside 
it oxygen as liquid or sold fuel. Hence jets depend on the atmosphere 
for their flight whereas rockets can go to outer space ; there they have 
the added advantage of frictionless flight. Rockets had been in- 
vented long ago by the Chinese and had been in use in fireworks 
and war in the Middle Ages. 


(7) When a man jumps ashore from a boat it moves back. We 
have explained that by Newton's 3rd law. The conservation principle 
applies there just as in a rifle firing a bullet. If the person walks 
briskly along the deck of the vessel, say towards the shore, the boat 
will move back. 

‘For example, let a person of mass 50 kg move so 3 m on a boat 
of mass 250 kg. Let his original distance from the shore be 5m. 


. Now the walking man and the boat act and react on each other. So 


ks 


those forces, 50 a and 250 a’ must be equal and opposite ie. a—5 d- 
Now they have interacted for same time 1 and so developed velo- 

cities v=af and v'—a' t which makes »—5»/ and directed oppositely- 

Clearly the man and the boat must have moved over opposite dis- 
tances x and x’ where x= —5x’. But x—x’/=3 m i.e., x/—0.5 m and 
x=2.5m. So the boat moves away by 0.5 m from. its position 
placing the man (5—2.5 i.e.) 2.5.m from the shore. 


Problem : A boat is in perpendicular direction to the shore, its nearest end 
0.6m from the shore. A 50kg man walks away on the boat which weighs 200 kg 
and is 2.5 m long. Show that the boat will not reach back to the shore. Find 
by hw much iit falls short. (Ans. 0.5) 


P" MS 
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1-3.14.. Elastic collisions. You are familiar with collisions, such 
as between a man and a cyclist, two motors, two trains, etc. 
Mathematical analysis of any such real collision is about impossible,’ 
But in idealized simple cases, it is possible to do so. 

Answers to all problems on elastic collisions are based on two 
conservation principles, namely, 


(i) Conservation of momentum and (ii) Conservation of kinetic à 
energy. Collisions in which the momentum principle holds, but 
kinetic energy is not conserved, are called Inelastic Collisions. In 
practical cases most collisions are inelastic, Part of the kinetic energy 
is converted into some other form, while linear momentum 
is conserved. 

A. General: Suppose two particles collide with each other while 
moving along the same straight line, A collision is said to be perfectly 
elastic when the sum of the kinetic energies of the particles remains 
the same before and after a collision, The linear momentum is 
of courseconserved. Atoms, molecules, nuclei, electrons, etc, may 
suffer elastic collisions. 


Let two particles of masses m, and m, move along the same line 
with velocities v, and u, respectively (Fig 1-3 30). The velocities 


Fig, 1-3.30 


will be taken as positive if the motion is from left to right. Momenta 
are in the direction of velocities, If any of the particles moves 
from right to left its velocity and momentum will be taken as 
negative, : 

Suppose after the collision, the velocity of m, becomes ¥,, and 
that of m, becomes v,, From the principle “of conservation of 
momentum, we get ; 

mus FM Ug —m,v, d m,v, (1-3.14.1) 

Since in elastic collisions, kinetic energy is also conserved, we have 

4m,u,* 4 m,u,* = àm,v." m v," (I-3.142) 
11 
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These two equations provide answers to all questions of elastic 
Collisions in a straight line. Let us consider a few cases, Note that 
we are taking u, >u, and »,7v;. 

(i) Relative velocities before and after collision 

From 1-3.14,1 m,(u,—vi)=m,(v,—u,) (1-3.14.3) 
From 1-3.14.2. m,(u,?* —v,?) =M, Va? — u,?) (I-3,14,4) 
(Dividing *4 by :3 we get, 

u, +y, =V tus 

Or u, — Uug =V; — V, = —(v, —v,) (1-3.14,5) 

This shows that for (perfectly) elastic collision relative veloci'y of 
approach before collision is equal to the relative velocity of separation 
after collision. 

(ii) Dependence of final velocities on the colliding masses. 

From 1-3,14:5, we have v,- u,—u,--v,. Putting this value in 
1-3,14.3 we get m,(u, —v,)=m,(u,—u, - v, —u,) 

Or, y,(m,-E ms)» (m,—m,)u,+2m,u, 


m,—-m 2m 
o TM LS Li OMS 1-3.14.6) 
LAM nu itu, 2 : ( ) 
Similarly, v,— ms 4 ER mL PN (1-3.14 7) 


m,tm,^ mim, 

(a) If both masses are equal (m, — m,) 

y, =u, and y, =u, (1-3.14,8) 

It shows that the particles interchange their velocities after 
collision. — 

(b) m, initially at rest ( that is, u, — 0). 

In this case v, S mia and ut ts (1-3.14.9) 

(c) -m initially at rest and m, m,. 

` In this case y, =u, and y, — 0, (1-3.14.10) 

‘This means that the first particle comes to rest after collision and 
the second starts off with the velocity ofthe first, 

(d) The second particle is very heavy relative to the first (m,3» mi) 
«nd is initially at rest (v, —0). In this case, we get from Eq,s 1-3.14.6 
and 1-3.14.7 

vd —u, and u,=0, (1-3.14.11) 

(This sign = means ‘about equal to’) 
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This means that the lighter particle turns back practically with 
the same velocity after collision while the heavy particle remains 
practically at rest, 

It follows that on colliding with a rigid wall, a particle will turn 
back with the same speed, m, in this case is taken as infinite, 

(e) m, is very small compared with m, and is at rest. We neglect 
m, compared with m, and take u,- 0 in Eqn. 1-3.14.6 and. 7. 
This gives 

y, cu, and y, 22u, (1-3.14.12) 

This means that the velocity of the heavier particle remains 
practically unchanged, while the lighter particle shoots off with a 
speed about twice that of the heavier particle, Hence however hard 
you take a spot kick in football or hit a golf ball, you can never 
propel it faster than twice the velozity of your foot or the stick. 


B. Classification of Collisions and Energy Relations : 

Collisions between two bodies may be of four types (i) perfectly 
elastic or simply elastic (the last article) (ii) perfectly inelastic 
(iii) partly elastic (iv) hyper-elastic. They may be defined respec- 
tively as cases wherein (i) relative velocity of approach is same in 
magnitude but opposite in direction to relative velocity of separation 
(ii) no relative velocity after interaction (iii) relative velocity of 
approach is greater in magnitude but opposite in direction to the 
velocity of seperation (iv) relative velocity of approach Jess than that 
ofrelative velocity of separation. Again, in (i) linear momentum 
and kine ic energy are conserved so far as initial and final conditions 
are concerned ; here conservative forces are at work, In (ii) the masses 
stick together, linear momentum is conserved but not the kinetic energy ; 
dissipative forces are at work here, always generating heat sometimes 
light or sound, In (iii) also kinetic energy is not conserved as again 
there is some dissipation, In (iv) also, kinetic energy is not conserved, 
it is gained at the expense of vibrational energy. 

The first two cases are idealsations ; mostly it is the third type that 
occurs and rarely the fourth, Ivory or steel or glass balls hitting 
others of their types provide very nearly perfectly elastic collisions. A 
lump of mud or putty falling on a hard surface is a case of inelastic 
collision ; a bullet fired and stuck into a target hanging or fixed, is 
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such an example. Most collisions that you observe are of the third 
type. The examples of the fourth type are rare ; you throw a 
marble at a large swinging body along its direction of motion and 
may be surprised to find it bouncing back with a much greater 
velocity ; this happening if the marble hits when the other body is 
approaching and is at its lowest position, When two vibrating (said to 
be excited) molecules collide, kinetic energy may be increased at the 
expense of vibrational energy as in Raman Effect. We have already 
said that collisions of atoms, protons and other fundamental particles 
(including photons— lumps of energy) are perfec. ly elastic. 


13.15. Energy transfer ; (a) Perfectly elastic Centric collision : 


Let a mass m, moving with a velocity u, hit another of mass mg | 


moving in the same direction with u,, centrally i.e, head-on, Let 
them continue to move in the same direction with changed velocities 
us, and vo. 

The momentum conservation law gives 

MU, Moug =M, V, +M3Va (i) 

From the original definition of perfectly elastic collision since 
relative velocities of approach and Separation must be the 
same, we must have 

H,—-Ug—Y34—Y, (Note: e-lher) (il) 

From these two equations as we have already obtained 

(1-3.14.6 and 7) 


y, = lms —msui, 2m;u,. 


m +m, m,+m, (ii) 
- 2m,u (m, —m.)u P 
d = 171 1 2 
and v, ABD SQ YT (iv) 


Hence the total kinetic energy before impact is 


K=}m,u," o m,u,* ed 


1 
2m, +m) 


Sap Frp Lema) emm cag? ] 


m,+m, [ (m, +m,)m,u,* +m,u,")} 


[ m,*u,* 4-m,*u,* m,my(u,? 4-u,*) ] 


= Bsp) [ (my, +m,v,)*+m,m,(v, v)? ] 
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1 
7 Xm, +m) [ (m, tmaXms Tmavg)* J 
= gm,v, * - ym 4v4* — total kinetic energy after impact (1-3.15.1) 
Hence kiniic energy is conserved in perfectly elastic collisions. 
Condition of maximum energy tran'fer: We consider the case 
when m, is initially at rest. Then from 1-3.14,1 we get 
my(u, —v,) 7 MV3 
From 1-3.14.5 we get u, =vg—¥, OF v9 =U, +1 
SS maya miu, — »,)e mi[u, 7 (9. — u,)]2 m,Qu, —*a) 
or valm, +m,)= 2m us 
;. Kinetic energy aquired by m, i.e. transferred from m, is | 
4m, 2u, 2 
(m, T ma) 


Am,mg 
= . 1 
imus | (m, — m3)* — 4m,m; } 


JMV = ims vimus mum. 


m, +m” 


(1-3152) 


Now 4m,u,? is the original KE, For 3m,v,* to be a maximum 
the bracketed term must be a 
maximum. Obviously it is so 
when m,=m,. Under this 
condition the entire energy is 
transferred ; the first body stops 
the other moves off with same 
velocity as in equation 1-3.14.10. Our cts rem Eam dorm 
Fig. L331 shows how the Fig. 1-331 
fraction of energy transferred (b)*, varies with the fraction mg/m,- 
It is unity when m, = Mg. | i 

Problems. (1) For elastic collision of a body of mass m with 
another of mass km the energy lost by the former on a head-on collision 


is maximum when k= 1, Prove by applying the laws of ‘conservation 
of energy. j [J.EE.'79] 


(2) A mass m, hits head-on another mass m, at rest with a 
velocity u. The two move on with velocities v, and vg. If the 


collision is perfectly elastic show that the velocity and energy gained 
by the mass at rest are . 


2um, 4m,m, 
a evang K, E, = ———-3 
My (m, +m) (m,+m,)* 
"pa mms 4'm |m.) 


T(m,sm Qmm 
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(3) Two masses m, and m, moving along the same straight line 
with velocities u, and y suffer a perfectly elastic collision, Show 
that there will be a transfer of momentum from the first to the 
second of magnitude 2m,m, (u—v)/(m, +m,) 


(4) Two perfectly elastic flat discs A and B one ķ times as 
massive as the other rest on a smooth horizontal table, A is then 
made to move with a velocity u to hit B head-on, Apply conservation 
laws to find an expression for kinetic energy transferred from A to B, 
Also show that the fraction transferred is irrespective of whether A 
is the bigger or the smaller one, [J E E '?8] 


(5) A neutron collides head-on with a C12 nucleus at rest in the 
graphite moderators of a reactor, Show that the neutron loses 28% 
of its energy. The collision is elastic and the mass number of neutron 
1s unity, 

(b; Perfectly elastic slightly- Excentric collision : Collision 
which is not head-on but slightly off the central line make the b.dies 
move along diverging directions, You must have noticed that, when 
in playing carrom or billiard you deliberately hit the dice or the 
ball at rest, off th centere line, The 
dice and the striker or the billiard 
balls after impact no longer continue 
in thes ame line, their paths diverge, 

Let a ball moving with a velocity 
u hit an identical ball at rest slightly 
off the center, They will fly away 

Fig. 1-3,32(a) with velocities y, and y^ respectively 

in directions making angles a, and x3 

respectively with the direction of u (fig. -3 32a), These angles 
are said to be angles of Scattering. 

The balls being identical have the Same mass and the collision 
is elastic so that the total energy and forward -momentum -are 
conserved, So 

amu’ = 3mv,* - 1v? 
and mu 4-0— mv, cos 41 T mv, cos 43 (I-3.15,3) 
Se UY, COS 4, Y, COS a, (1-3 15.4) 
and v, sin «,—v, sin «4 — 0 or Y, Sin 4, «y, sin «, (13.15.5) 

There being no initial component of velocity in the direction 
_ Perpendicular to y, The velocities can be found if the angles of 
Scatter are known and the angles, if the velocities are known, 
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Ex. £329. A ball moving with a velocity of 0.5 m/s hits an : 
identical ball at rest elastically and moves after collision at 0.3 mis. 
Find the velocity of thc second ball and show that they move away 
at right angle to each other. [LLT 72] 

Solution : Refer to the fig above and the three equations ; we have 

50? —30? +v,” (for 4 m in the first equation caacels out), 
or v,=40 cm/s 

From the 2ad equation 50=70 cos 4, +40 cos xa ‘ 

or 3 cos 4, +4095 «45 () 
from the 3rd relation 3 sin «, —4 sin 4g (ii) 
Squaring (1) and (ii) and adding we have 
9 sin*«, +cos*«,) = 16(sin* « , + :0s?4,) -- 25 — 40 cos«, 
or 40 cos «,—25--16—9 - 32 
) .. cos 4, =% and hence sin x,75 
Substituting this value of sin «, in eqn (ii) we get, 
sin 41 = $x 3 — and so cos da= 
Now sin (4, +4) = Sin 41 COS «, +COS 4, Sin «3 
-$xitixi-l 


4,7 «, —90*, $ 
Problem. A ball moving at 9 m/s strikes a stationary identical ball’ 
such that each moves on at kr. 


30° to the original direction. Photon. 


Find the speeds of the two 
balls after collision, (Ans. § §£— K ^-^ 
3 43 m/s), [ILT.'75] 
Compton Effect relates to . 
scattering of X-rays by 
electrons, The observed facts 
could be explained only by considering radiations to be finite bundles 
or particles of energy, the so-called photons. They collide with an 
electron and both get scattered because of perfectly elastic collision. 


Their paths are shown in fig. 1-3,32(b). 


Demonstration of conservation of Linear momentum: “Newton’s 
Cradle”. 

The apparatus is shown in Fig, L3.33 and consists of solid 
identical steel balls suspended as shown, by a pair of threads each, 
from a pair of horizontal supports so that the balls stay in the same 
horizontal line, If one ball is allowed to swing down and hit, none 
moves but the last one, which immediately swings out through an arc ` 
equal to that of the striker, The action depends on i) conservation 


Electron 


Fig. L-3:332(b) 
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laws and (ii) the fact that collision of steel balls are very nearly | 
perfectly elastic, If two balls swing down together to hit, the last 


Fig. 1-3.33 


(wo balls swing out and so on for any number of balls. Refer to 
eqn I-3,14,10, 

The same will happen if the same steel balls are put in a horizontal 
groove in contact with one another and one.two etc, of their number 
roll in and hit them, Even with a row-of identical coins on a smooth 
surface the effect can be demonstrated. Compare the chil¢ren’s game, 
the bagatelle, or hitting a row of carrom dice head-on with the striker, 

Ex. 1-3.30. 4 11b s'eel sphere hangs by a light thread 27" long. 
It is pulled to a horizontal position and then let go. It strikes a 5 lb 


mass at its lowermost position elastically, kept on a smooth table. 
Find the velocities of the masses, 


Solution: (Draw the relevant diagram), The ball descends 
through 27" and hence developes a horizontal velocity of 
u= J2gh= 23231 = 12 ft/s, 
After collision let the ball recoil with a velocity v , imparting à 
forward velocity of v, on the stationary mass. Then 
miu- msvs M, V 
or 1x 12-5», — 1xv, or 5y,—v, — 12 (i) 
Again from Newton’s law of collisions 
u-Y,—(—»,) or», +v,=12 (ii 
t» On adding ji) to (ii) 6v; - 24 or v, —4 fts and v= 8 ft/s 
(c) Perfectly inelastic Collision: To simplify matters we take 
othe second mass m, to be initially at rest. After collision the two 
bodies stick together and move off w.th a common velocity v. Then 
‘wehave m,u=(m,+m,)v ^ or v=m,u/(m,+m,) 
^ Now the kinetic energy of the combined mass is 


i 2, 3 


D 
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m, uh m; . (Ori 3. e 
mc m mim. (Original K.E.) (1-3.15.6) 


Thus after collision a fraction (4) of the original K.E. remains in 

the combined mass and let that fraction be denoted by 
zz m, us 1 
m, 1--m,/m,) (1+m,/m,) 

Obviously the rest of the kinetic energy is dissipated in the form 
of heat and sound. Energy is not conserved in this case, Amount of 
energy dissipated depends upon (m,/m,) and we consider three 
important cases—(?) m,2m, (ii) m,[m, —1 and (iii) m,<m,. 

In the first case, (m,Im,0) and a1 and all of the initial energy 
remains and none is dissipated, This happens when a big mass hits 
a dust particle at rest. 

In the second, we have az} so that half the kinetic energy is 
dissipated. 

Inthe last case m,Ím, » and a0 so no kinetic enery is 
re’ained, the whole of it dissipated. This is exemplified when a lump 
of mud or butter falls on the ground and does not bounce. 

Ex. £331. A body of mass m moving with a velocity V in the 
X-direction collides with a body of mass M moving along the Y-axis 
with a velocity v and they coalesce. Find the momen'um of the com- 


bined mass and the frc crion of the energy converted into heat during the 
collision. ; (LIT. '77) 

Solution: Let the combined mas: (m--M) move off with a 
velocity uat an angle @ to the X-axis, Resolving its momentum 
along X and Y directions respectively we gef, (Draw the relevant 
figure yourself), 
mV = (m+ M)u cos 8 
and My=(m+Mu sin 6 

se mV? + My? QS +M)*u* 
locity)* of combined singe ttt sae 
(Velocity =m} M 


Its (Momentum)? = m*V* 4 My* 
and the direction of momentum is given by 
M[mV —tan 0 i.c. 0— tan-* Mvy[mV 
Initial kinetic energy E:— imV? +My? 
Final kinetic energy Es im Mu? 
m^ V* * M^v 
m?V? -- M*v* 
m+M 


=km4u,? 


(1-3,15.7) 
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Hence the dissipated fraction of initial kinetic energy will be 
E,—E, mM Vi+y? 
E, m+M My Fm 
Ex Il-3. 2 415 g bullet travelling at 363 m/s horizontally gets 
embeded in an 1.8 kg block of wood hanging at rest by a3m long 


thread, Find the angle through whi ch th> combined mass swings out? 
Take g=10 m/s*, 


Solution: Refer to the adjoining fig, 
Initial momentum = 15x 10-* x 363 +0 
Final momentum = (1.84- 015), 


Velocity of the combined 


mass 
y — 363 x 0.015 l. 
- DET RS | 
ItsKinetic energy = 3Ym4cMy | 
and Potential energy at the 
end of the Swing (m+M)gh 


Vm M. v* — (m4- M gh 


s; he 363 x 15° x 10-8 9 
i ^9? 2x1U0x(L815j* ~ 2 
Now, from the figure h=1— I cos 8 

4. 3(1—cos =h? m “cos 9= 17, 


Problem. Two masses A and B of masses 100 and 400g 
approaching ea-h other at 100 and 10 cm/s respectively suffer a 
ead-on collision and stick together, 


Find (i) the direction of movement of th 
(ii) distance Covered in 10 s and (i) rise in te 
heat of either is 0.1. 


Ans (i) as of A (i) 1,20 om (iii) 23x10 
(d) Partly Inelastic collisions: In discussing it an important 
quantity is necessary, the Co-efficient of Restitution. For two bodies 


cities u, and us and colliding, 


l («,—u,) and that of their 
ees -*1. Newton from experiments arrived at the law, 


ween. these relatiye velocities for given materials is 


SG 


e combined mass 
mperature if the sp, 
DUE T271 | 
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almost a constant. This ratio, the coefficient of restitution is 
defined as 

_ Relative velocity of separation v, —v; 

Relative velocity of approrch u,—u, 

When e- 1, the collision is said to be perfectly elastic, (egn I-15.ii, 
p 124) when e=0, it is perfectly inelastic, when e«lit is partly 
elastic and for hyperelastic collision e7 1. 

A term resilience is relavant in this connection, Perfectly elastic 
bodies are perfectly resilient and such bodies bounce back very 
quickly and they are very bard Softer the bodies, less resilient they 
are and more slowly do they rebound. Resilience of a body is its 
ability to suffer elastic deformition without being permanently 
deformed. Restitution is ability to recover from such deformation, 

In partly inelastic collision colliding bodies do separate after 
collision but the relative velocity of separation is less than that of 
approach, From the equation above we have , 


(1-3,15.8) 


cham or (s deaa (i) 
Also, m,u,+m,u,=m,V,+M,V, (ii) 
Now by multiplying (i) by m, and adding to (ii) we obtain 
Y Tui m, — em,)-- m,u, 1 +e) ! (iii) 
m, +m, 
and similarly HECLAU DEA emp (iv) 
m, tm; “ 


Loss of energy is given by 
(tm,u,’” + mu, *)- 4(m,v," + imga”) 
= Lor x m; - my,Xm,us? t m,u;*)— (m, +m) 
(mv. +m,¥,")} 
L (maur, mau)? demum, (us =a)" — (avs MaMa)” 
j | mmy, 99) 


((m,u, emu, )* + mymg(u, — tg)? — (M,a mana)" 


1 


m, +m, 


Ld. 


—m,mse*(u, -u,)'] 
[ applying the results (i) and (iii) above ] 
iui 0n cu) cet) (3.15.9) 


m, 
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Vere m 
Mo vo 
in Ordin 
or “logs y T or M- M, e C7"? 
and — »—»,—u In(M/M,) (I-3.13.6) 


As the rocket rises the fuel burns and the ‘mass of the rocket 
diminishes. If the fuel burns at a constant rate it provides a constant 
force (F) acting on the rocket. Hence the acceleration of the rocket 
goes on increasing so long as the fuel lasts. The same applies to 


. jets. Application of simple mathematics shows that 


downward velocity of gas relative to rocket 
SY OF BAS TOIRHVE to TOCKE] 


acceleration= mass of rocket 


, X rate of loss of mass minus the acceleration due to gravity. 


i uim s 
i.e. an 5 g (1-3.13.7) 


With increase of height above the earth g diminishes. If the fuel 
burns at a constant rate the acceleration goes on increasing due to 
loss of mass. 


` Now in actual cases, 1 and ( 8M/8t ) remains more or less constant 
"8 fuel burns out steadily but with height both ¢ and M go on dimi- 


Ë 


> g 


— ecu = 


= -1 
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nishing.so @ goes on increasing, i.e. acceleration does not remain 


constant. Hence the galloping acceleration of the rising rocket you 
may have noticed in TV and wondered. 


Ex. 1-3.28: A rocket of total mass 6000 kg, of which 5000 kg is the propellant 
fuel, is to be launched vertically, If the fuel is consumed at the steady rate of 
60 kg/s, what is the least velocity of the exhaust gas so that the rocket will just 
lift off the launching pad after the firing? What is the thrust ? Take g=9.8 m/s2. 


[ J. E. E. '83] 


Solution. : Let u=initial velocity of the exhaust’ gas, 


dm/dt=rate of mass of the Bas ejected, downward and 
mg=weight of the rocket. 


Then the upward thrust=rate of change of momentum=u. dm/dt. For the 
upthrust to lift the rocket immediately after firing we must have -u dm|dt- mg. 
Substituting values we get required least.value of the velocity =980 m/s. 


he 


Required thrust=u dm|dt 
=980 m/s x 60 kg/s=58.8 x 109 N 


Problems: (1) Find the minimum rate of fuel consumption for a 3000 kg’ 
rocket ejecting burnt gases at 300 m/s at the start to take-off vertically. 
(Ans. 98 kg/s) 


(2) In 1s after vertical take off a rocket loses goth of its mass; If gas is 
ejected at 5 km/s find its upward acceleration. [Hint : Use Eqn 1-3.13.5] 
(Ans. 100 m/s?) 


(7) Jet planes utilize the same principle as rockets for motion. 


In the jet engine, air blows in at the front, is compressed and led 
into a combustion chamber. Here it is mixed. with fuel and burned. 
The high pressure of the resulting gases is made to work a turbine. 
The turbine not only works the compressor which compresses the 
incoming air, but also drives the gases through the tailpiece of the’ 


A 
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engine at a temendous speed. The plane gets a forward momentum 
equal to the backward momentum of the exhaust gases and moves 
forward. 

Thus the principle on which the rocket and jet propulsion acts 
are identical. But they differ in their working as much as jets 
utilise oxygen from the air sucked in, whereas a rocket carries inside 
it oxygen as liquid or sold fuel. Hence jets depend on the atmosphere 
for their flight whereas rockets can go to outer space ; there they have 
the added advantage of frictionless flight. Rockets had been in- 
vented long ago by the Chinese and had been in use in fireworks 
and war in the Middle Ages. 


(7) When a man jumps ashore from a boat it moves back. We 
have explained that by Newton's 3rd law. The conservation principle 
applies there just as in a rifle firing a bullet. If the person walks 
briskly along the deck of the vessel, say towards the shore, the boat 
will move back. 

‘For example, let a person of mass 50 kg move so 3 m on a boat 
of mass 250 kg. Let his original distance from the shore be 5m. 
. Now the walking man and the boat act and react on each other. So 
those forces, 50 a and 250 a' must be equal and opposite i.e. a=5 d" 
Now they have interacted for same time t and so developed velo- 
cities v=at and v'—a' t which makes »—5»/ and directed oppositely. 
Clearly the man and the boat must have moved’ over opposite dis- 
tances x and x’ where x= —5x’. But x—x’=3 m i.e. x'—0.5 m and 
x=2.5m. So the boat moves away by 0.5 m from its position 
placing the man (5—2.5 i.e.) 2.5 m from the shore. 


Problem: A boat is in perpendicular direction to the shore, its nearest end 
0.6m from the shore. A 50 kg man walks away on the boat which weighs 200 kg 
and is 2.5 m long. Show that the boat will not reach back to the shore. Find 
by how much it falls short. (Ans. 0.5) 


i 
^ 
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3.14. Elastic collisions. You are familiar with collisions, such 
as between a man and a cyclist, two motors, two trains, etc, 
Mathematical analysis of any such real collision is about impossible.’ 
But in idealized simple cases, it is possible to do so. 

Answers to all problems on elastic collisions are based on two 
conservation principles, namely, 


(i) Conservation of momentum and (ii) Conservation of kinetic 
energy. Collisions in which the momentum principle holds, but 
kinetic energy is not conserved, are called Inelastic Collisions. In 
practical cases most collisions are inelastic, Part of the kinetic energy 
is converted into some other form, while linear momentum 
is conserved, 

A. General: Suppose two particles collide with each other while 
moving along the same straight line. A collision is said to be perfectly 
elastic when the sum of the kinetic energies of the particles remains 
the same before and after a collision. The linear momentum is 
of courseconserved. Atoms, molecules, nuclei, electrons, etc, may 
suffer elastic collisions. 


Let two particles of masses my and m, move along the same line 
with velocities u, and u, respectively (Fig 13.30. The velocities 


Fig, 1-3.30 


will be taken as positive if the motion is from left to right. Momenta 
are in the direction of velocities, If any of the particles moves 
from right to left its velocity and momentum will be taken as 
negative, ; 

Suppose after the collision, the velocity of m, becomes v;, and 
that of m, becomes v, From the principle “of conservation of 
momentum, we get , 

mui FM Ug =M, Y, d m,vs (1-3.14.1) 

Since in elastic collisions, kinetic energy is also conserved, we have 

ym,u,* +4m,u,* e mss mus" (13.142) , 


11 
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These two equations provide answers to all questions of elastic 
collisions in a straight line. Let us consider a few cases, Note that 
we are taking u, >u, and »,7v,. 

(i) Relative velocities before and after collision 

From 1-3,14,1 m,(u, —»1) 2 m,(v, —u,) (1-3.14.3) 
From 1-3.14,2 m,(u,?* —v,*) 2m,Uv,* — u,?) (1-3.14.4) 
(Dividing *4 by :3 we get, 

Uy HV =V tus 
OT u, -U =V —V, = —(V,— 9) (I-3,14,5) 

This shows that for (perfectly) elastic collision relative veloci'y of 
approach before collision is equal to the relative velocity of separation 
after collision. 

(ii) Dependence of final velocities on the colliding masses. 

From 1-3,145, we have v,=u,—u,+yv,, Putting this value in 
1-3.14.3 we get m,(u, —v,)  m,(u, —u, - v4 —u,) 

or, vim, ms) ta (mı E m,)u, F 2m,u, 


or, v2 7 7s 2m, 1-3.14.6) 
mem mm se A 
Similarly, v,=—2 y, 4s — "ts, (13.14 7) 


mitm, ` mim, 
(a) If both masses are equal (m,=m,) 
v, =u, and y, — u, (13.14,8) 
It shows that the particles interchange their velocities after 
collision. 
(b) m, initially at rest ( that is, u, = 0). 


In this case v, = ma. 


u, and v,— m ux (1-3.14.9) 


m,-rms mMm, TM, 

(c) m, initially at rest and m, m,. 

In this case y, =u, and y, — 0, (1-3.14.10) 

This means that the first particle comes to rest after collision and 
the second starts off with the velocity of the first, 

(d) The second particle is very heavy relative to the first (m,29mi) 
and is initially at rest (v,=0). In this case, we get from Eq.s 1-3.14.6 
and 1-3.14.7 : 

vg u, and u,=0, (1-3.14.11) 
(This sign = means ‘about equal to’) 


E. 
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This means that the lighter particle turns back practically with 
the same velocity after collision while the heavy particle remains 
practically at rest, 

It follows that on colliding with a rigid wall, a particle will turn 
back with the same speed, m, in this case is taken as infinite, 

(e) m, is very small compared with m, and is at rest. We neglect 
m, compared with m, and take u,- 0 in Eqn. 1-3.14.6 and, 7. 
This gives 

y,cu, and y, 2u4 (1-3.14.12) 

This mans that the velocity of the heavier particle remains 
practically unchanged, while the lighter particle shoots of with a 
speed about twice that of the heavier particle. Hence however hard 
you take a spot kick in football or hit a golf ball, you can never 
propel it faster than twice the velocity of your foot or the stick, 


B. Classification of Collisions and Energy Relations : 
Collisions between two bodies may be of four types (i) perfectly 
elastic or simply elastic (the last article) (ii) perfectly inelastic 
(iii) partly elastic (iv) hyper-elastic. They may be defined respec- 
tively as cases wherein (i) relative velocity of approach is same in 
magnitude but opposite in direction to relative velocity of separation 
(ii) no relative velocity after interaction (iii) relative velocity of 
approach is greater in magnitude but opposite in direction. to the 
velocity of seperation (iv) relative velocity of approach Jess than that 
of relative velocity of separation. Again, in (1) linear momentum 
and kine ic energy are conserved so far as initial and final conditions 
are concerned ; here conservative forces are at work. In (ii) the masses 

` stick together, linear momentum is conserved but not the kinetic energy ; 
dissipative forces are at work here, always generating heat sometimes 
light or sound, In (iii) also kinetic energy is not conserved as again 
there is some dissipation. In (iv) also, kinetic energy is not conserved, 
it is gained at the expense of vibrational energy. 

The first two cases are idealsations ; mostly it is the third type that 
occurs and rarely the fourth, Ivory or steel or glass balls hitting 
others of their types provide very nearly perfectly elastic collisions. A 
lump of mud or putty falling on a hard surface is a case of inelastic 
collision ; a bullet fired and stuck into à target hanging or fixed, is 
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such an example. Most collisions that you observe are of the third 
type. The examples of the fourth type are rare ; you throw a 
marble at a large swinging body along its direction of motion and 
may be surprised to find it bouncing back with a much greater 
velocity ; this happening if the marble hits when the other body is 
approaching and is at its lowest position. When two vibrating (said to 
be excited) molecules collide, kinetic energy may be increased at the 
expense of vibrational energy as in Raman Effect. We have already 
said that collisions of atoms, protons and other fundamental particles 
(including photons— lumps of energy) are perfec. ly elastic, 

K3.15. Energy transfer ; (a) Perfectly elastic Centric collision : 
Let a mass m, moving with a velocity u, hit another of mass mg 
moving in the same direction with u,, centrally ie, head-on, Let 
them continue to move in the same direction with changed velocities 
ug and ys. 

The momentum conservation law gives 

MU, - maus 2 m,v, T maya (i) 

From the original definition of perfectly elastic collision since 
relative velocities of approach and separation must be the 
same, we must have 

U,—Us=Vg—-v, (Note: e=1here) (ii) 

From these two equations as we have already obtained 

(1-3.14.6 and 7) 


(m, —m,)u, 2m;u, , 


Tat mtm, 'm +m (iti) 
-2m,u, ,(m,—m.)u : 
and yame Pd ques. mre 
Ys m,+m, m, +m, (iv) 


Hence the total kinetic energy before impact is 


Keàmu,? 4 ym,u,* m} PET. [ (m, * m,Ymi us? mus") 


1 3 eub i 
“Am, +m,) [ m,*u,* p m,*u,* E m,my(u,* +u") ] 
Saa) [ (mu, mus) Emm, =u)" ] 

1 


=m, Fm mj Lm», +m, Yg)* -m,m, (v, —3)* J 
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1 

re Xm, Fma) [ (m, may" maa) J 

—pm,v,? + imaa = total kinetic energy after impact (1-3.15.1) 
Hence kiniic energy is conserved in perfectly elastic collisions. 
Condition of maximum energy tran fer: We consider the case 

when m, is initially at rest. Then from 1-3.14.1 we get 
my(u, —»1) 7 M3 

From 1-3.14.5 we get u, ya —Y1 OF Ya ts Ya 
So Maa =m, (u, -y)emi[u, - (va —u,)}=m,(2u, Ya) 
or va(m, +-m,)=2m,u1 
-. Kinetic energy aquired by m, i.e. transferred from m, is. 


"dmt a ) (1-3 15 2) 


(m, — mg). — 4m,ma 

Now im,u,?is the original K,E. For 3m,v,* to bea maximum 
the bracketed term must be a 
maximum. Obviously it is so 
when m,=m,. Under this 
condition the entire energy is 
transferred ; the first body stops 
the other moves off with same 
velocity as in equation 1-3.14.10. 
Fig. 1-331 shows how the Fig 1-331 
fraction of energy transferred (b)*, varies with the fraction mg/m. 
It is unity when m, = Mg. . ; 

Problems, (1) For elastic collision of a body of mass m with 
another of mass km the energy lost by the former on a head-on collision 


is maximum when k= 1, Prove by applying the laws of ‘conservation 
of energy. [JEE 779} 


(2) A mass m, hits head-on another mass m, at rest with a 
velocity u. The two move on with velocities v, and va. If the 
collision is perfectly elastic show that the velocity and energy gained 
by the mass at rest are 


2um 4m,m 

fe eunti sand E. E. 2 ———- 4 
| (m, m) (m, +m)" 
*b 4m,ms 4m Im.) 


Tm: m Qmm? 


a 
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(3) Two masses m, and m, moving along the same straight line 
with velocities u, and y suffer a perfectly elastic collision, Show 
that there will be a transfer of momentum from the first to the 
second of magnitude 2m,m, (u—v)/(m, +m,) 


laws to find an expression for kinetic energy transferred from A to B, 
Also show that the fraction transferred is irrespective of whether A 
is the bigger or the smaller one, [J E E '78] 


(5) A neutron collides head-on with a Ct? nucleus atrest in the 
graphite moderators of a reactor, Show that the neutron loses 28%, 
of its energy. The collision is elastic and the mass number of neutron 
is unity, 

(b) Perfectly elastic slightly - Excentric collision : Collision 
which is not head-on but slightly off the central line make the b.dies 
move along diverging directions, You must have noticed that, when 
in playing carrom or billiard you deliberately hit the dice or the 
ball at rest, off th centere line, The 
dice and the striker or the billiard 
balls after impact no longer continue 
in thes ame line, their paths diverge, 

Let a ball moving with a velocity 
u hit an identical ball at rest slightly 
off the center, They will fly away 

Fig. I-3.32(a) with velocities ¥, and y“ respectively 

in directions making angles «, and «, 

respectively with the direction of u (fig. 1-3 32a), These angles 
are said to be angles of Scattering. 

The balls being identical have the same mass and the collision 
is elastic so that the total energy and forward . momentum are 
conserved, So 


gnu” = amv, edm, 
and mu +0= my, cos xı mv, COS «, (1-3.15,3) 
“e U=V, COS 4, +V; cos X3 (1-3 15.4) 


and v, sin «, — y, sin X3 7 O or y, sin x, =y, sin Xa  (L3.15.5) 

There being no initial component of velocity in the direction 

_ Perpendicular to u. The velocities can be found if the angles of 
Scatter are known and the angles, if the velocities are known, 


Rn errr ares RLS TEN 
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Ex. 1-8 29. A ball moving with a velocity of 0.5 m/s hits an : 
identical ball at rest elastically and moves after collision at 0.3 mils. 
Find the velocity of thc second ball and show that they move away 
at right angle to each other. [LLT 72]. 


Solution ; Refer to the fig above and the three equations ; we have 
50? =30° +y,” (for 3 m in the first equation cancels out), 
or vy=40 cm/s 
From the 2od equation 50=70 còs «, +40 cos «4 à 
or 3 cos 4, +4695 «4-5 (i) 

from the 3rd relation 3 sin 4, =4 sin <9 (ii) 

Squaring (i) and (ii) and adding we have 

9 sin*«, +cos*«,) = l6(sin*« , -- :0s?4,) - 25— 40 cosx, 
or 40 cos «,=25+4+16—9 - 32 
J .%. cos 4, -$ and hence sin 4, =8 
Substituting this value of sin «, in eqn (ii) we get, 
sin 41 = $ X $—$ and so cos 4,=8 : 
Now sin (x, +4,) 2 Sin 4; COS «, +COS 4, SIN 43 
=4y442y8=1 
EX5t5Xs 

etek 7 «, =90°, ; 

Problem. A ball moving at 9 m/s strikes a stationary identical ball 
such that each moves on at 
30° to the original direction, 
Find the speeds of the two 
balls after collision, (Ans. 
3 J3 m/s), [ILT. 75] 

Compton Effect relates to . 
scattering of X-rays by 
electrons, The observed facts 
could be explained only by considering radiations to be finite bundles 
or particles of energy, the so-called photons. They collide with an 
electron and both get scattered because of perfectly elastic collision. 
Their paths are shown in fig. 1-3.32(b). 


Demonstration of conservation of Linear momentum : “Newton's 
Cradle”. 

The apparatus is shown in Fig, L3.33 and consists of solid 
identical steel balls suspended as shown, by a pair of threads each, 
from a pair of horizontal supports so that the balls stay in the same 
horizontal line. If one ball is allowed to swing down and hit, none 
moves but the last one, which immediately swings out through an arc 
equal to that of the striker, The action depends on i) conservation 


Fig. 1-3:32(b) 
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A 
Jaws and (ii) the fact that collision of steel balls are very nearly - 
perfectly elastic, If two balls swing down together to hit, the. last 


Fig. 1-3.33 


(wo balls swing out and so on for any number of balls Refer to 
eqn 1-3.14.10, 


surface the effect can be demonstrated, Compare the chil¢ren’s game, 
the bagatelle, or hitting a row of carrom dice head-on with the striker, 


Ex. 1-3.30. 4 1 Ib s*eel sphere hangs by a light thread 27" long. 
It is pulled to a horizontal position and then [et So. It strikes u 5 Ib 
mass at its lowermost position elastically, kept on a smooth table. 
Find the velocities of the masses, 
Solution: (Draw the relevant diagram) The ball descends 
through 27” and hence developes a horizontal velocity of 
ue 2; 423231 = 12 ft/s, 
After collision let the ball recoil with a velocity v, imparting a 
forward velocity of », On the stationary mass, Then 
mu-msv,—m,v, 
or 1x 12-5, —1xy, or 5y. —y, — 12 (i) 
Again from Newton's law of collisions 
u-y,—(—»,) Or v, 4-»,—12 (ii) 
» On adding ii) to (ii) 6vg=:24 or v, —4 ft/s and y= 8 ft/s 
(c) Perfectly inelastic Collision: To simplify matters we take 
othe second mass m, to be initially ‘at rest, After collision the two 
bodies stick together and move off w.th a common velocity y, Then 
swe have m, u= (m,+m,)v or v=m,u/(m,+m,) 
^. Now the kinetic energy of the combined mass is 


yi m,?u,? 
Ym, Em, v*— (m_+m,) mE 
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wi » m, __™, (Origin s 
im,u, Pages aa Au; (Original K.E.) (1-3.15.6) 


Thus after collision a fraction (7) of the original K.E, remains in 

the combined mass and let that fraction be denoted by 
e m, 1 
a= e; In I NER (I-3.15.7) 

Obviously the rest of the kinetic energy is dissipated in the form 
of heat and sound, Energy is not conserved in this case, Amount of 
energy dissipated depends upon (m,/m,) and we consider three 
important cases—(i) m,>m, (ii) m,/m,=1 and (iii) m, €M; 

In the first case, (m,/m,—0) and a1 and all of the initial energy 
remains and none is dissipated, This happens when a big mass hits 
a dust particle at rest. 

In the second, we have aœ} so that half the kinetic energy is 
dissipated. 

Inthe Jast case m,[m,— » and a=0 so no kinetic enery is 
re'ained, the whole of it dissipated. This is exemplified when a lump 
of mud or butter falls on the ground and does not bounce. 

Ex. £331. A body of mass m moving with a velocity V in the 
X-direction collides with a body of mass M moving along the Y-axis 
with a velocity v and they coalesce. Find the momen'um of the com- 


bined mass and the frc ciion of the energy converted into heat during the 
collision. (LIT. 77) 
Solution: Let the combined mas: (mM) move off with a 
velocity uat an angle 0 to the X-axis. Resolving its momentum 
along X and Y directions respectively we get, (Draw the relevant 
figure yourself), 
mV - (mr M)u cos 0 
and My =- (m+M u sin 0 ete 
. 9 alim 
noe Ha AE m*V* + M*v* 
(Velocity)? of combined mass = 


(mE My 
Its (Momentum)? = m* V* + My” 
and the direction of momentum is given by 
Añ [mV tan 8 i.c. 8—tan-* My[mV 


Initial kinetic energy E, — 3mV? + kMy? 
Final kinetic energy E,=i(0m+M)u* 
ee m3 ML +M*y* 
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Hence the dissipated fraction of initial kinetic energy will be 
E,-E, mM  V'y? l 
B, m- M Mv’ t-mV? 
Ex. II-3. 2 4 15 g bullet travelling at 363 m/s horizontally gets 
embeded in an 1.8 kg block of wood hanging at. rest by a 3m long 


thread, Find the angle through which th» combined mass swings out ? 
Take g = 10 mjs?, 


Solution: Refer to the adjoining fig, 


Initial momentum = 15 x 10-? x 36340 
Final momentum = (1.8 4--015)y 


Velocity of the combined 


mass 
y 363 x 0.015 
Au 185 
ItsKinetic energy = 3(m + M)v? 
and Potential energy at the 
end of the swing (m+ M)gh 


3(m+ Mv? — (m4- M gh 
MO pa 9.2363! x 15? x 10029 
n 2g 2x10x(L815j 20 
Now, from the figure 42 1— 1 cos 0 
9 17 
4oO3(1- =h— t —A 
(1— cos 6) hog" eres 


Problem. Two masses A and B of masses 100 and. 400g 
approaching each other at 100 and 10 cm/s respectively suffer a 
head-on collision and stick together, 


Find (i) the direction of movement of the combined mass 
(ii) distance covered in 10 s and (iii) rise in temperature if the sp, 
heat of either is 0,1. [1.7 71) 


Ans (i) as of A (ii) 1.20 cm (iii) 23x 10 


(d) Partly Inelastic collisions : In discussing it an important 
quantity is necessary, the Co-efficient of Restitution. For two bodies 
moving along the same line with velocities u, and u, and colliding, 
the relative’ velocity of approach is (u,—u,) and that of their 
separation is (v, —v,), Newton from experiments arrived at the law, 
that the ratio between these relative velocities for given materials is 
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almost a constant. This ratio, the coefficient of restitution is 
defined as 

oa Relative velocity of separation |. v, —Y: 

Relative velocity of approrch | u,—Us 

When e=1, the collision is said to be perfectly elastic, (egn I-15.ii, 
p 124) when e=0, it is perfectly inelastic, when e«lit is partly 
elastic and for hyperelastic collision e7 1. 

A term resilience is relavant in this connection, Perfectly elastic 
bodies are perfectly resilient and such bodies bounce back very 
quickly and they are very hard. Softer the bodies, less resilient they 
are and more slowly do they rebound. Resilience of a body is its 
ability to suffer elastic deform ition without being permanently 
deformed. Restitution is ability to recover from such deformation. 

In partly inelastic collision colliding bodies do separate after 
collision but the relative velocity of separation is less than that of 
approach, From the equation above we have 


(1-3.15.8) 


y -y 1 
e= i or (u,—u ess. (i) 
u,- üs ( 1 2) i 2 

Also, m,u, maus o m,v, * mss (ii) 


Now by multiplying (i) by ms and adding to (ii) we obtain 
Yi Ui m, — em,)- m,us lte) i dii) 
m tms 
and similarly v, ume e) us (ms — ems) (iv) 
m, tms 
Loss of energy is given by 


(um,u,* + maus s) 4(m,v M + IMa) 
=4. l iim, moras? emus!) (Ma FMa) 


m,tm, 
(mv! mss) 


[mius +mais)” +m,m, (u1 -u,y- (mY, Tm,» 
mamas -»)) 
[(m,u, T mau)" + mms -us) — (mus mats) 


—m,mse*(u, -u,y] 


m,+m, 


m, +My 


[ applying the, results (i) and (iii) above ] 


a, Ma (u, —u,) (17 s 1-3.15.9 
ba, pm (Us u,) a e ) ( ) 
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Since e<1 and u, >ti», the expression is a positive one and hence 
there ig a loss of energy for partially inelastic collisions, 

When e=1 i.e, collision is elastic there is no loss of energy 
according to the above €quation, as we have already deduced in 
I-3.14.1, If e=0 i.e, the collision is inelastic and the bodies get stuck, 
Maximum loss of energy occurs, for one of them stops, 


Ex. 1 3.33. Two spheres of masses 5 and 2 kg travelling at 10 
and 5 m/s respectively in the same direction, collide. Find their 
velocities after impact and energy wasted if e=0.6, 

Solution : From definition Va —¥, = 0,6(10 5) —3 m/s 

From momentum conservation, 5x 10..2x«5.— Sv, 4-2», 

Solving from the two expressions y, = 7.7 m/s and ys — 107 m/s 

From equation I-3.15 9 Loss of kinetic energy is 


uris (u, —u,)%(1 et) = 152310-5; -0.6)°= 11,43 J 


mi: +m, 


(d) Partially Inelastic collision between a sphere and a plane: 
For simplicity we arr:nge to drop a sphere from a height h on a. fixed 
horizontal plane, Its Velocity just before striking the plane will be 
Obtained from u*=2gh and that after striking y* -2gH where v is 
the velocity of rebound and Hthe maximum height it rises, The 
collision is direct i e, head-on, for both y and v are vertical, Here the 
relative velocity of approach between -the sphere andthe plane isu 
and that of separatioa between them y. So coefficient of restitution is 


I AL LI1 PUE (1-3.15.10) 
"o J2gh 


If a ping-pong ball falls on a hard floor it will jump up and down 
; a number. of times before stopping, each 
time rising less than the previous one 
fig. 1-3.34), We find below the total distance 


b| Jeh covered before it stops, 
eth After the first rebound the ball rises by 
H=e*h and falls through the same height. So 
| just previous to the second rebound the total 


distance covered is h+2H=h+e°h, 
Fig 1334 On bouncing a second time the sphere 
should rise through e*'e*4) or eth and falls through the same height 
and thereby cover up h+2eh+ 2th, Similarly after the 3rd 


cane re a) ea ILL SPRITE EYE TU er AYE ela) T T0 
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rebound the height will be e%(e*h, and cover a total distance «of 


h+2e*h-+2eth+2e%h. 
<. Total distance covered=h-+ 2e*h + 2e*h+2c°h+ to ~ 
=(2h+2e*h+2e*h+-+)—h 
=2h{1 ter+et+e%+4-+-to o) — h 


D ae 
3 1—22 . 
d 2 [ `s 
"Het hiite (1-3.15.11) 


Total Time taken can be found similarly. Time to fall to the 
floor for the first time is t= 4/27 ]g as the ball is falling freely. It 
jumps up with a velocity y= eu and the time foritto go up and down 
will be 2(v/g) = 2eu/g=2et. After the second bounce it starts with an 
upward velocity of y=e*u ; so the time to go up and down will be 


2e*u|g —-2e?t and so on. 
Hence the total time taken will be 
t+2t,+2t,++--to œ =t+2et+2e7t---to oo 
=2(1tete*+e>+--)—t 


E MON ODE 2n l +e, (1-3.15.12) 


1-e (l-9 g i-e 


I-4 
FRICTION 


there is a relative motion or tendency to it between two surfaces, If 
is one of the action-reaction pairs of the 3rd law of Newton. Newton's 


without cause, Force is Tequired to maintain it moving uniformly in 
a straight line, If Newton’s law is true then this fact indicates that 


€ven a tendency to such 3 this force acts at Points of contact beiween 
the surfaces and always opposes that Motion or tendency to it, 
irrespective of the direction of motion, 


irrecoverable heat energy 3 it causes wear and tear of moving parts 
of machinery and shorten their lives ; much effort and ingenuity go 
to just reducing friction ; it cannot be eliminated, We have listed 
only a few of its disadvantages. But in our daily lives, friction is very 
important, for it has many advantages as well, Without it we could 


li dissipative forces. Whatever be the direction of motion, friction 
will be there i.e, it opposes motion and that too independently of 
direction, The Kinetic energy that is so dissipated, always appear as 
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14.2. Types of Friction. Friction appears between two surfaces 
in contact, The surfaces may be both solids, one solid the other fluid 
or two of same or different fluids. This last is said to be viscosity. 
Solid surfaces may be two extended planes eg. a large block sliding 
over a table-top or an inclined road ; or one rolling over another, 
The surfaces may be dry or wet and of course of diverse materials, 
Fluid friction occurs when a solid moves through a fluid, like a boat 
through water or a balloon through air or when a fluid (liquid or gas) 
flows past stationary solids like tall buildings or bathers in a river, 
Again there is friction when there is relative motion (Kinetic. friction) 
between surfaces and when there is no motion but a tendency to 
move (static friction) Only one of these d.verse and complex cases 
we shall study in some detail— sliding friction of the static type 
between two dry, plane, solid surfaces. 

Note that friction involves bodies, not particles. ( Why ?) 

I43. Sliding friction. Consider a heavy body resting on a 


R 


SPRING 
BALANCE 


o APPLIED 


FORCE 
(e) 


Fig. I-4.1 ; 
horizoatal table 3[ fig. 1-4.1(a)], Its weight W acts vertically 


d 
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downwards. The reaction R of the table acts on it vertically upwards, 
Since the body is at rest, these two opposite forces are equal. They 
act along the same line through the C.G, but are shown separated in 
the figure for clarity. If we now apply a small horizontal force P to 
the body it will not move [fig. I-4.1(b)]. This force will be balanced 
by the force of friction F which now comes into play at the surface 
separating the body form the table. P and F must be equal and 
opposite, Their lines of action are parallel, Sis the resultant of F 
and R. The spring balance records the force applied. © 

As we increase P, F also increases and still balances P. But when 
Pexceeds a certain value, the body starts to move [Fig. 1-4.1(c)]. 
After the motion has begun, the value of the force of friction slightly 
decreases (Fig. I-4.1(d). The force of friction reaches the maximum 
value just before the motion begins This value is called the 
lim'ting friction (or the limiting value of static friction) The slightly 
smaller value when the body is moving uniformly is called the force 
of kinetic friction. ` 

Fig, I-4,1(e) is a graphical representation of the relation between 
the force applied as read by the spring balance and the friction 
developed. OA represents the condition of rest. Applied force is 
increasing while enough of friction is being generated as to prevent 
motion ; this part represents static friction. When the force applied 
is OE, the body is on the point of starting. OL represents the limiting 
friction, A force greater than OE makes the body move. If the 
body moves with constant velocity it does so with a slightly lower but 
constant Kinetic friction OK, Pulla heavy cricket roller from rest to 
uniform motion ; you will realise that the above statements are true. 

Summarising, we may say that 

(i) Friction is a self-adjusting force, increasing from zero to a 
maximum. So long as there is no motion, just as much of it comes 
into play as is necessary to prevent motion, 

(i) It always acts in the plane of sliding and its direction is 
always opposite to that in which the motion Occurs or tends to 
occur, 

(iii) When the surfaces are just on the point of relative motion, 
the force of friction is the greatest. This value is known as the 
limiting friction, and the equilibrium is called limiting equilibrium. 


inam 


FRICTION m 


(iv) When motion occurs, the force exerted by friction against 
| the motion is less than the value of the limiting friction and is 
called the force of sliding friction, (also kinetic or dynamic 
friction), ; 

Static friction relates to the friction so long as the body does 
not move, Kinetic friction is the friction during motion, uniform 
or not, i 


14.4. Laws of static friction. Some general results relating 
to static friction between two dry solid surfaces, known. as the ‘laws 
of friction’, are as follows, They are approximately true within . 
limits and summarise human experience. They were formulated by 
Coulomb, but initiated by Leonerdo da Vinci, — 

(i) For a given pair of surfaces limiting friction F is proportional: 
to the normal force R acting at right angles to the plane of contact 
between the surfaces, The ratio F/R=qis called the coefficient of 
static friction 5etween the two surfaces. i 

Coeff, of static friction # -£ Limiting fion, (I-4.4.1) 

(ii) Tne limiting friction between two bodies in contact depends 
upon the following two factors :— 

(a) the nature of the substances of which the bodies are made 

(such as wood, iron, leather etc.) ; 

(6) the condition of the surfaces (moist or dry, plane or 

rough, etc.) 

(iii) The limiting friction is independent of the area of contact so 
long as the normal force pressing the bodies together, remains 
unchanged. Thus a brick lying flat on à floor, or standing on edge, 
will suffer the same frictional resistance to its motion. This is 
surprising, but true. "mov 

(iv) When motions occurs, the force F' of sliding or kinetic 
normal force R between the surfaces. 


friction is proportional to the 1 
g or kinetic 


The ratio F'/R — W; is then called the coefficient of slidin 
or dynamic friction. 


M Force of sliding friction 
Coeff, of kinetic friction |, = Pond TR a (1-44.2) 


opt swat sd sitter Mi dT M 
* This is a relative motion without acceleration. 
12 


r 
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(v) Within wide limits the force of sliding (or kinetic) friction is 
independent of the relative velocity between the surfaces, and their 
ateas of contact provided the normal reaction is'the same, Kinetic 
(or sliding) friction is by far the more important in practice, When 
a body is at rest, but a force of friction is operating, its value is 
rarely the limiting value, In practical cases. we are more concerned 
with bodies in motion with friction opposing motion, Thus itis the 
(kinetic or sliding) friction wh'ch is the one to be considered. 


Table I. (Coefficient of Sliding friction) 


e i 
Wood on wood 0.21005 | Wood on stone 0.6 to 0,7 
Leather on metal (dry) 0,56 | Earth on earth 0,25 to 1,0 
Y E (oily) 0.15 | Smooth .ciled 
Metal on metal surfaces | 0.03 to 0,036 
(dry) 0 15 to 0.2 | Iron on stone 0.4 


Experimental Verification: Horizontal plane method. The 
arrangement is as represerted in fig. I-4.2, A string passing over a 
pulley connects the movable 
block A with a scale pan on 
which different weights W 
can be placed. The load on 
the pan is slowly increased 
until A starts moving. If F is 

Fig. 1-42 the total weight of the scale 
pan and the load on it, and Ris the normal reaction on A, then 
F/R= us, the coefficient of static friction, R is obviously the weight 
of the block 4 together with that of any additional load which may 
be placed on it, Aliernatively, hang a small spring balance from the 
string and pull downwards, gradually pulling harder, The spring 
balance indicates the force exerted as shown in the first figure, 

With a slightly smaller load than F, 4 will move with a constant 
speed if started by a light push, The ratio of this load F/to R is uz, 
the coefficient of kinetic friction’; ie,u,— F/R. 

Start the experiment anew with an identical block on top of A end 
gradually go on loading the pan. You would find that double the 
Previous load is necessary to start or maintain the steady motion. 
The same will happen if the second block is placed ‘behind and tied 


yr a, 
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to A for starting the motion. This shows*that static friction depends 
on the total. weight of the blocks i.e. the normal reaction, 


Again, try with the block standing on its shorter side. Same 
load would start moving it, as when it was on the larger side, i.e. 
friction is independent of the area of contact, 


Lastly if the table-top is very smooth, rough or wet or is of glass 
or wood or metal, different loads will initiate motion in each 
case, 


145. Rolling friction. Wheels change sliding friction into rolling 
_ friction. It is far less than sliding frietion. 

When one body rolls on another, the supporting surface is 
slightly depressed at the place of contact (fig. 1-4.3), which results in 
the formation of a ridge (P) in 
front of the rolling body. The 
result is that the rolling body 
is constantly climbing a minute 
hill, “Rolling frictlon is mainly 
due to this behaviour of the 
supporting surface ; molecular 
forces are also believed to play : Fig 1:43 
an important role, The rolling body is slightly flattened at 
the place of contact. The deformations are temporary and 
both surfaces recover as soon as the contact point shifts. The 
effect is smaller the harder the two surfaces, 


The laws of rolling friction are not so well known, The static 
value is, however, greater than the kinetic value, The coefficients of 
rolling friction are much smaller than those of kinetic friction, The 
force required to overcome rolling friction is inversely proportional to 
the radius of the roller. 

In rotating machinery friction is reduced by using ball bearings ; 
sliding friction is changed by this means to rolling friction, We 
shall elaborate it later. "is 

The appended table gives you an idea of static or limiting. friction 
(ug, dynamic or kinetic friction (up) and rolling friction (ug) 
coefficients for a few pair of surfaces, 


local welding 
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Table II ( Coefficients of Different Frictions ) 


Materials Us Ux Un 
Rubber tyre on concrete 2p e) He 0.03 
Cast iron on steel 0.15 0.10 0,004 


L46. Causes of Friction. 

Surfaces of solids are generally uneven. Even plane polished, 
surfaces on suitable magnification, are found to be far from being. 
absolutely plane, Coulomb had carried out many experiments on 
friction, formulated the empirical laws of friction given earlier and 
distinguished kinetic from static friction, He concluded that friction 
between two solid, dry surfaces arises from their roughness which 
produce interlocking between their projections and depressions or hills 
and dales. Hence polished surfaces should have less friction as is. 
generally found, In fact smooth surfaces are taken to be frictionless, 
though that is not actually the case. 

For, experiments show considerable forces of friction between a 
pair of optically flat metal planes in a vacuum e. g. a copper block on 
a copper surface, both very smooth ; one will not slide over the other 
until placed nearly verticaly, Intermolecular forces must then be 
holding them together and prevent sliding, These forces called weak 
Van der waals forces of attraction ( $11-2,5 ) operate upto a separation 


of about 10À 210-9 m)and assume importance when the surfaces 
are very smooth and hence close, 

A clean metal plate left in air gathers a fine film of air or oxide or 
moisture on it, The force of friction between two such plates is less 
than that between a pair of them in vacuum and arise due to forces 
of adhesion between the molecules of two surfaces of different 
materials. 

The main causes of friction are believed to be the following : 

(a) Interlocking of surface irregularities | 

: (b) Action of molecular forces that causes adhesion, cohesion and 


nee ea 
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(c) Ploughing of harder projections through softer ones 

(d) Action of electrostatic forces. 

The principal role is believed to be played by molecular 
forces. 

All cases of friction may be classified into three types: (1) dry 
friction where there is no separating layer of air, oxide or moisture, 
(2) boundary friction when there are films of air, oxide or moisture 
on the two surfaces in contact, (3) fluid or floatation friction where 
there is a liquid lubricant in between the two surfaces, 

Minimising friction : It is imperative to lessen wastage of energy 
and prolong the lives of machinery by reducing Wear and tear by 
minimising friction. Several methods are in common use. 

(i) Polishing surfaces : Generally, polishing of contact surfaces 
of relatively moving parts to a high degree, lead to less friction, parti- 
cularly if the materials are hard. 


(ii) Rolling friction. Table IL shows how much smaller than 
sliding friction is the rolling friction between same materials. Hence 
small steel ball bearings (fg. 1-4.4) are used to separate two rotating 


PISTON 


CYLINDER 


Fig. 1-44 Fig, 1-45 
surfaces as in modern fans and cycle paddles. As the shaft rotates, 
the balls roll in the groove called a race preventing sliding altogether. 
In some. cases rollers i.e. cylindrical bearings, replace ball bearings 
to better effect. 
(iii) Babbitting process. Some alloys called antifriction metals, 
like one of Pb and Sb, diminish friction. Bearings are packed with 
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this alloy which gives for steel less friction than is the case with steel 
sliding over steel, 

(i) Use of Lubricants : A lubricant is a substance which, when 
placed in between two surfaces, minimizes the force of friction 
between them. It separates the two surfaces so completly that either 
the projections and irregularities on the two surfaces do not touch or 
there is a great reduction in their inter-locking. Lubrication changes 
sliding friction into fluid friction, 

It should be remembered that the force of friction will depend on 
the properties of the lubricant, specially its viscosity, 

Formerly a thin film of a soft metal like lead or iridum was 
spread on steel or copper to reduce the force of friction, Later, it 
was found thataliquid lubricant serves the purpose better. To be 
good as a lubricant a liquid should have the properties (1) of viscosity 
(2) ofadherence to solid surfaces and (3) of chemical stability 
These properties are possessed by mineral oils, They serve as good 
lubricants and maintain a multi-molecular film between two 
surfaces which minimizes the force of friction between tbe surfaces 
(üg. 1-45). Vegetable oils like castor oil have the property of 
forming adhering films on solid surfaces due to the presence of fatty 
acids in them. In ons respect therefore they serve better as lubricants. 
Now-a-days, a mixture of mineral oils and vegetab'es oils is prepared 
asa lubricant, Sometimes a little of colloidal graphite is added 
to the mixture to great advantage, 

In Hovercrafts and specialised railroad transports air layers are 
being used as fluid lubricants, 

Again, friction is sought to be increased in many cases, Belts 
coupling two revolving wheels are made broad, rough and of yielding 
materials so as to increase the number of contact points and greater 
interlocking. Brake-shoes of cars are made especially rough, tyres and 
shoe-soles of special design and rough, yielding materials so as to 
have a better grip on the roads ; sand and earth are sprinkled on rain- 
wetted sreel rails to prevent slipping of locomotive wheels or car tyres 
on muddy roads, Wiiting paper is not made very smooth or glossy. 

147. A few Relevant Problems : (1) Zt is easier to pull 
4 roller than. to push it. Let- the push- R be exerted’ along 
the rod AO: ( Fig. I-4.6a ) where O is the centre of the 
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axis of the roller. OC represents R- Resolve OC into two 
components OB and OD, 
parallel and perpendicular 
to the ground respectively 
and call them P and Q. 
The effect of Q is merely 
to press the roller to the 
ground, Q is opposed by Fig. 1-46(0) 

the reaction of the earth on the roller, and does not produce any 
motion. The component P is the effective part of which moves the 
roller along the grout d. While pushing, the componeat Q presses 
the roller to the ground and increases the frictional resistance to the 
motion of the roller, 

When the force applied 
to the roler is a pull 
(fig. 14.65), Qis directed 
vertically upwards, It acts 
in opposition to the weight 
of the roller and thus 
reduces the total force 


Fig. 1-4.6(b) 


with which the roller is pressed to the 
ground, Tbis diminishes the frictional 
resistance to the motion, It thus 
becomes easier to pull a roller than 
to push it. 

(2) Itis easier to move a barrel 
full of pitch by rolling it. than pushing 
it, (Hint: u&4«u4 ) Same is the 
case for large heavy tyres being rolled 
along a road. Wheels had been 
devised by early man for heavy 
transport vehicles as he had observed 
thatit was easier to roll logs or tree- 
trunks along, than either pushing Or 
pulling it over rough ground. 

(3) In walking over smooth ice short steps are necessary. While 


Fig, 147 


O 
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walking on ice (or a polished surface) we should take Short steps if 
ll we are to avoid a slip and a fall. In taking a longer step we exert 
| on the grounda force p Which is more inclined to the vertical 
| -than to step were Short (fig. 1-47). Its horizontal component 
Q may then exceed the maximum value AR of friction. The result 
is that friction can no longer support the foot which slips. 


(4) Why can we not Walk on a frozen lake ? Explain briefly. 
(S.S Q) [ S. S. Q. 2 Samsad Specimen Questions ] 


Ans. In walking, the horizontal component of the reaction 
between the foot and the ice provides the force for forward motion 
Friction allows such a force to be exerted, The coefficient of friction 
between the foot and ihe ice is almost zero, Hence friction is unable 
to exert any horizontal force on the foot.step, In attempting to walk 


(5) How could a person completely at rest in frictionless ice 
cross a pond to re.ch the shore, rolling, jumping or kicking his feet ? 
Explain briefly. Sg Q) 

Ans. The man is Practically an isolated or closed system, No 
ho-izontal force can act on him in the absence of friction. In rolling 


or kicking the feet, only the internal forces in the closed system do 


towards the shore, 

If, however, he had a Sufficient number of stones at his disposal 
he could, by throwing them in one direction, move in the opposite 
direction by recoil, 


the horizontal component of this thrust This is ordinarly supplied 
by friction, 

A slippery surface has a very small coefficient of friction, So it is 
incapable of exerting much horizontal force If we use very short 
Steps it may be possible to walk on such a surface, But if we use 
longer Steps, the thrust on the ground the foot exerts will be more 


b 


CR O 
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inclined to the vertical, Its horizontal component becomes larger. 
The surface may not exert an equal and opposite frictional force, The 
result will be a fall 

Note that the last four problems are basically the same. 

To increase the friction underfoot mountaineers, runners, 
atheletes, footballers and cricketers use spiked boots, 

Example L41. 470 kg skater on ice throws a 3 kg stone with 
a velocity of 8m[s in a horizontal direction, How far does he recoil if 
Ie — 0.02 ? 

Solution : We have from conservation of momentum 70 xv=3x8 
where y is the initial velocity of recoil. 


The frictional force opposing his recoil is 
Fe B,R=0,02 x70x9.8 N 
|, Retardation produced is f= F/m=0.02 x 9,8 m/s* 
If s be the distance of recoil then O* =u? —2fs 
or (24/70)?=2x002x9.8xs whence s=0.3 m 


It is particularly difficult to walk or drive over smooth ice not 
only because of very smal! j»,(2«2/100) but also because of melting 
of ice under pressure (see Regelation under Heat), when water 
produced lubricates the path, and makes it slippery. 


(7) A smaller force is necessary to keep a heavy roller moving 
than starting it ? (Hint; Think of M, and ug. | 

(8) To move a tall block on a rough table it must be pushed at 
points nearer to the table-top. If that is not done, the block will 
topple over instead of moving forward. Itisa question of Stability 
due to friction. Consider a rectangular block ABCD resting On a 
rough horizontal plane ( fig. 
1-48. Let a horizontal force 
Pbe applied at K. Jf is the 
cofficient of static friction 
between the surfaces and W the 
weight of the block, the block 
will not slide until P exceeds HW, Fig. I-48 
Before P reaches this value the 
block may topple, The turning moment of P about Bis Px KB. 
Tnis is opposed by the moment Wx EB. So long as W x EB is greater 
than Px KB, the body will be in stable equilibrium, But if Px KB 
exceeds Wx EB, the body topples over, 

The limiting condition for toppling is PxKB« W xEB i.e, PW 
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-EB/KB. The limiting conditionsfor sliding is P/W 2p. The body 
will slide if P>uW, and topple if P>W x EB/KB, but less than uW. 

We return to the problem in the Chap. I-7. when discussing 
stability of a regular body on a rough incline, 


(9, Multiplication of Pull by Friction. The Rope Brake. A man 
pulling at a long rope wound a few times around a stout wide 
cylinder can hold even'a ship. 
fastened at its other end, In the 
chapter on Hydrostatics you will 
come across a device called the 
Hydraulic Press where a small 
force applied at one end can 
develope force enough to crush 
sackfuls of oil-seeds or chunks 
of stone, 

Ifa pull 7, is applied at the 
end of a wide band coiled a few 
times round a cylinder it is found 
to balance much larger pull 7, at 
the other end, the ratio of the two tensions (T,/T,) being c"? where 
u. is the coefficient of friction between the surfaces of the band and the 
cylinder, @ the angle of lap in radians of the band, round the cylinder 
and e(=2,7128) the exponential function, Clearly larger the number 
of turns greater becomes 6, and greater the ratio Td 


Fig. I-49 


148. Rest and Motion on a Rough Horrizontal Plane : à 

A. Rest : So long as the force applied parallel to the surface of 
contact does not exceed the Jimiting frictional force, the body will not 
Move, At the limiting condition the applied force P=F,=y,N 
where u, is the coefficient of friction between the two surfaces and 
N the normal reaction force between the two surfaces, 

Ex 142 A man holds a book weighing 2 Ibs between his two 


palms and just prevents its falling by pressing the palms. each witha 
Force of 5 lbs, Find u between the book and the aes [H.S.*81] 
Solution: The normal reaction on each face of the book is 
5Ibs.wt and the frictional force at right angles to it must be 5u, lbs-wt. 
Since this balances the weight of the book, we have 
Sus Ibz-wte- 2:1bs-wt or y, 20:4 


(Omm cuan t—“ ee 
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Problem. A man lifts a. 16 kg can of mustard oil by. pressing his 
palms against its vertical sides. Find the force applied by each of his 
palms if u= ( Ans. 64 Ibs-wt) 

Ex 14.3. An engine driver reduces the speed of a train in 3.3s 
from 47.5 km/h to 30 km/h. What must be the limiting coefficient 
of friction between.a suitcase and the rack so as just to prevent 
slipping ? 

Solution: The retardation of the train 


pts 30) x 1000160 x60 mags 


s. The force on the suitcase — mf, 
The normal reaction between the suitcase and the rack = umg: 


For just preventing slipping, mf, = usmg 
175 


w=fl8=q6533K9R N 


( See Relative acceleration fig. 1-2.25 ) 

B. Motion: To produce motion on a rough surface the applied 
force P must exceed the force of kinetic friction Fy and the effective 
force parallel to the surface of contact producing motion is 

P-F,=ma 


or pe u,N4- mac ung * ma- mug +4) (14.8.1) 
Ex b44. A 50kg block rests on a horizontal table. A 
above the 


minimum force of 44 kg. wt- acting at 60° through a rope 
horizontal just starts the block which may be kept moving uniformly 
with 36 kg. wt of force along the same direction. Find us, Hk a" the 
frictional forces ; also the 
along the rope. 

Solution: The applied forces parallel to the direction of motion 
are P, cos 60° and P, cos 60° i.e. 22 kg-wt. and 18 kg-wt. respectively 

s. ux 50222 kg. wt. 4. a= 
p, x 50218 kg. wi <. quom 0.36 

Frictional forces are 22 kg.-wt, 18 kg.-wt and 6 kg.-wt. 

Ex. I-A.5. A chain of length | is on à table with a portion I! of it 
hanging from the edge of the table, Find the maximum value for l' so 
that the chain is on the point of sliding. 

Solution: fp be the density of the material of 
the weight of its hanging portion is «l'pg where « is i 
Now the limiting frictional force between the chain and the. table just 
prevents motion The weight of the portion of the chain on the 
table is (I-1')xPg. So for terminal equilibrium 

pll) = al'Pg 
+ que Iu T) 


(he chain then 
its cross-section. 
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Problem: A one-meter long iron chain lies partly on a stone 
table with 28.6 cm, length hanging from the end, just on the point of 
slipping, Find u between iron and stone, Ans 0.4 (nearly) 


Ex 146. The takeoff velocity of a plane of mass 10,000 kg. is 
80 km/h and it requires 100 m of the runway to gain that speed. What 
force must the engine develope to achieve this if uy between the runway 
and the tyres is 0,2 ? LILT d 

Solution: Final velocity = 80 km/h —(200/9) m/s 

2 

Acceleration developed= 1(0*—u*ys- Hm = Fem)" 

Force required to build up this acceleration 

F, =ma=10* x 200/81 N 
Force to overcome friction F,-—umg = 0.2x 104 x 98 
Total force = F,+F, = 104(2.59-+ 1.96) 2 10* x 4.43 N, 


Ex 14.7. A train of mass M is travelling on a level line ; the last 
carriage of mass m becoming uncoupled, the driver notices it after 
moving a distance | and then shuts off steam. Show that when both the 

` parts come to rest the separation between them is MI((M4-m), if the 
resistance due to line and air friction be uniform and proportional to 
the weight, the pull of the engine being constant, [ Cambridge ] 

Solution: Let the train be moving with a velocity u before 
uncoupling. Since it is uniform, the pull of the engine = Opposing 
frictional force on the train. By question this frictional force e its 
"weight ie F=KMg. The pull exerted by the engine is also the 
same KMg. 


Now this pull remains unchanged for a distance |, for the driver 
is unaware of uncoupling but the mass of the train has diminished to 
(M-—m). Again because of uncoupling, the frictional force reduces 

"to K(M—m\g as the mass of the train has diminished. So the 
‘unbalanced force exerted by the engine on the truncated train is 
KMg — K(M - mg = Kmg : 
and hence the acceleration of the train a= Kmg/(M — m) 

Next, if be the final velocity of the truncated train in covering 

the distance / then we have, 


2,3 =? 2Kmg . 
v*=u*+2al=y ae l 


The frictional force on the detached bogey is Kmg and its 

«deceleration will be 
a, = Kmg/m= Kg 

Let it stop afier covering 5, ; then u*=24,s,: 2Kgs, 

As the driver shuts off steam after covering a distance I, the 
deceleration of thé truncated train would be 
— K(M—m)g _ 
a= ar) c Ki 
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If the train stops after covering s,, then v*=2a,5, —2Kgs, 


3.8 2Kmgl E mg 
Now y’ 2u? 4- M m or 2Kgs, 2Kes, y 2K d 
m. 


ee Sg=Syt+ or $,—5,-— 


(M-m) M-m 
The separation between the detached bogey and the truncated 
train with therefore be 


E PRENNE ri e MI 


M-m M-m 


Ex. M48 A stick presses on a floor with a force equal to the 
wt of 2 kg at an angle of 20° to the normal to the floor. If u between 
the floor and stick be 0.4, will the stick slip? Cos 20* 20,9397 


Solution : (a) The force exerted by the stick on the ground is 
2x9.8N. Its vertical component (V) will be 2x 9.8 cos 20°= 19.6 
x 0,9397 N. The frictional force F= j,V— 0,4 x 19.6 x 0,9397 = 7,37 N 
will be acting along the floor. ' f 

Now the horizontal componet of the applied force is 

H=2x9.8 xsin 20°=2x9.8x ,/1—(0.9397)* 
=6,70 N 

Frictional force being greater, the stick will not slip. 

(b) The conclusion can be confirmed from a consideration of angle 
of friction p. See below I-4,9B. Now from Eq. 1-4.9.3 j 

tan p=u=0.4. Then p= 22.8° (From tables) 9 

Since the angle of application is 20°, the stick will not slip. 

C. Measurement of the coefficient of friction ; 

Inclined plane method. In this method a block of one material 
(A; fig. 14,10) is placed on an inclined plane of the other 
material, The inclination 
of the plane with the 
horizontal is gradually 
increased until A starts 
sliding down the plane, 
The angle of inclination 
« is measured, From 
Eq. 1-4.9.1, tan «=y, the 
coefficient of static friction Fig. I-4.10 
‘between D and B. I1 

At a slightly smaller angle than the above, A will slide down the 
plane with q uniform speed if started from rest by a gentle push, If 
this angle is 0, then tan 0—,4 the coefficient of sliding iriction, 
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The component W sito of the weight parallel to the plane just 
overcomes the frictional:force during the downward motion without 
acceleration, 

To find u, or up several observations have to be made for each and 
the average value taken, 

In fig, I-4.2 we have already learnt how to measure them on a 
horizontal plane, 

1-49. Equlibrium on a Rough Incline. Unlike the horizontal 
plane a force arising from ever-present gravity, its component along 
the incline, tends to move the body and friction opposes it, We 
introduce two new concepts to deal with this motion. 


A. Angle of repose and angle of friction. Let a body 4 of 
weight W (fig. I-4,10) rest on an inclined plane B whose inclination 
ə to the horizontal can be changed at will. If the weight W be 
resolved along and normal to the inclined plane then, for cquilibrium 
of the body, we must have normal reaction R=W cose, and Fa W 
sin 8, where F stands for the force of friction, 


Let the inclination of the plane be gradually increased so that the 
body is just on the point of sliding Let the inclination now be 8—«. 
In this limiting condition, we get the coefficient of static friction, 

a-L- ont Stan & (1.9.1) 

The angle « is called the angle of repose, It may be defined 
as the maximum angle of inclination that a plane may have before 
a body on it begins to slide under the action of its weight, 


B. Angle of friction. Fora body in limiting equilibrium, if 
C the friction and tke normal reaction be 
compounded into a resultant force (S; fig. 
I-4.11) the angle which this force makes 
with the normal reaction is called the angle 
of friction and the resultant force is called 
the resultant reaction, i 
In fig. 1-4.11 let O be the point of contact 
A of two bodies and let OA and OB represent the 
Fig 1-411 limiting friction Fe &R and the normal reac- 
tion R respectively. Let OC represent. the resultant reaction S. 


T" 
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Then the angle BOC= 6 isthe angle of friction, From the figure 
we see that 


S= Ju*R x R* - R Jitu? 00 (049:2) 
and . tan p= PR/R= b. (1-4.9.3) 


Hence the coefficient of static friction is equal to the tangent of the 
angle of friction, “From Eq.1-4.9.1 and 1-4,9,3 it will be seen the 
angle of friction and the angle of repose are equal. 

It follows from this equation that the greatest angle which the 
resultant reaction can make with the normal reaction, j.e. with the 
normal at the point of contact, is tan-' u, as we see below. 


C Cone of Friction, Let two bodies be in contact Draw a cone 
(fig. 1-412) with their common normal 
ONas axis, the point O of contact as 
the vertex, and f-tan-!|« as the semi- 
vertical angle, Then the resultant reac- 
tion will lie within or on the surface of 
this cone, called the cone of friction, 

No force P whose line of action lies 
within the cone of friction can produce 
sliding motion, no matter what the 
magnitude of P may be. As may be 
seen from fig. 1-4.12 the tangential com- 
ponent (parallel to the surface) of such 
a force is less than the limiting “friction. 
Hence no sliding motion can occur. See Ex. 1-4,8 above, 

Ex. 14.9, 4 body just starts sliding down an incline of 15* and 
keeps sliding without acceleration when the tilt is lowered to 12°. 
Find u, and up. 

Solution : ,=tan «tan 15°=0,2679 = 0:27 

3 ug tan «/etan 1222 0.2126 - 0:21 

1-10, A Force down an inclined plane. If infig: 1-4,13 the 
angle of inclination 0 of the plane, is greater than the angle of repose 
the body will slide down the plane. Let us be the coefficient of static 
friction and ug the coefficient of kinetic friction, Then Faw cos 0 is 
the normal reaction, u,R —limiting static friction and yR=limiting 
kinetic friction, 


Fig. 1-412 
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The body starts sliding when W sin 9@>y,R. After motion starts 
friction reduces to u,R from u,R. The resultant force down the 
plane is therefore 


W sin 6—p,R= W(sin 0 — py cos 6) (I-4.10,1) 
and acceleration a— (W/m)(sin 8 — ux cos 0) (1-4.10.2) 
B. Equilibrium with the angle of inclination exceeding the Angle: 


of Repose. 
Obviously a force up the incline must balance the resultant force 


downwards as calculated above This force P parallel to and up the 


Fig- I-4.13 Fig, I-4.14 
incline may (i) just prevent the body sliding down or (ji) just start 
pulling it up the incline, 


(i) Referring to Fig 1-4,13. we shall have for just preventing , 


slipping down 
W sin 0 =P+ uR or P=W sin 8—4, W cos 9 (I-4,10,3) 
If now u, =tan « where « is the angle of repose then 
P=W ‘sin 0 —tan x. cos 6) = (sin gi 0n 4.006 9 °) 
COS « 
= yia (0 — 4) (14.104) 
cos q 
(ii) Refer to fig I-4,14, When P is large enough just able to 
start the body up the incline we shall have 
P- gu, R4 W sin 0—u,W cos 6+ W sin o 
= W(tan « cos 9 --sin 6) 
= W sin (04-«)/cos « (1-4.10.5) 
Hence to keep the body in equlibrium on the plane the force P 
must lie between the values W sin (9.4 «)/cos « 


d 
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C. Minimum Force required to pull a body up a rougb 
incline. 

Leta force P be applied up the plane at an angle à to it, 
Then resolving P parallel and perpendicular to the plane we 
find 

Pcos\=Wsin@+u,.R and R= W cos ọ-— Psin X 

Then substituting the value of Rin the first expression and re- 
arranging we get 

P( cos X+ us Sin à ) 
= Wisin 0 + u, cos 8) 

P(cos à cos <+sin A sin 4) 
COS « 
for u, 2tan « 
m W(sin 8 cos«-cos 9 sin «) 


or 


COS q 
or P= pin (0-3 (4 10,6) 
cos (à — 4) 
P will be a minimum when 
EN : hi 
cos (A—«) isa maximum, This om 


maximum value is unity when 
=, Hence the force required to move the body up the plane will 
be least when it is applied in a direction making with the inclined 


plane an angle equal to the angle of friction. 
Ex. 1-410. A block of mass 2 kg slides on an incline of 30°_ where 
uis J3/2 Show that the block will not slids due to its weight only. 


Find (i, the force needed to move the block down without aceeleration 


and(ii) the force required to move the block up without acceleration. 
e f z [ ILLT. 76 } 


Solution: Let 0 be the maximum angle of inclination for equili- 
brium, Then the normal reaction R —2x9.8 cos 0 and the frictional 
force would be J^ R22x9.8 sin 0 

S. tan@= J3/2-1.225 s.002:50,8* (i.e 2-459, 

But the given angle is only 30°. So the block will not slide down 
by itself. 4 

(i). This is uniform motion i.e. P+ W sin 0—uR-2uWcos 0 

or po /S. 2x98x 3 -2x98x}= 109 N 


13 
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' (ii) » This is also uniform motion where P— uR — W sin 6 
or Pe f$. 2x98x1342x%9.8x3=30.5.N 


Ex. L441. How high a particle may be inside a hollow hemis- 
there of radius rif u, be 1/ J3. 


Solution : Let tbe highest point reached, be at a height h at the 

: point P inside the sphere, for 
the particle of weight W. The 
normal reaction R acts radially 
along PC and this equals the 
component cos 9 W of the 
weight. Its other component Wsin 
8 acting downwards tangentially 
to the particle, is neutralised 


by the frictional force F= u,R. 
For equilibrium F= y;R- I, W cos 0— W sin 6 
.. tang=yu,=1/ J3 or 8-30? 
From the 4PDC we find 
2-43 


h=r—r cos 8—i(1— cos @ =r 7 


20.134 r 


L4.11. Internal friction or Viscosity. The property of a liquid 
by virtue of which it opposes 


a relative motion of its layers : ca 
M oF OR LCD EE DE 

is called viscosity. ^ When 

two beakers, one contain- LIQUID 


ing alcohol and the other 
oil, are tilted from side to 
side, much less mobility is 
observed inoil than in alcohol, 
Oil offers more resistance to Fig, 14.16 

the relative moticn of its layers and is said to be the more 
viscous:of the two liquids, . 


i 


When a liquid flows slowly over a flat surface, the layer of liquid 
in contact with the surface remains stationary because of. 
adhesion, The next upper layer moves slowly over the first 
( fig. I-4.16 ), the third layer over the second and so on, The speed 
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of each layer increases with its distance from the solid surface 
Between two adjacent layers, cohesior* brings tangential forces 
into play, the faster layer tending to accelerate the slower and 
the slower layer tending to retard the faster. These tangential forces 
endow the liquid with the property called viscosity. They depend 
on the nature of the liquid and also on the area and the velocity 
gradient of the layers, i.e., the relative velocity of two layers unit 
distance apart, 


The viscous forces do not act so long as the liquid is at rest, 
They come into play only when there is a relative motion between the 
layers, The force is thus of the nature of friction, and viscosity is 
sometimes called internal friction. When water in a bowl has been 
churned, it is brought to rest after a time by the internal friction 
between the layers of water, 


Gases also exhibit internal friction or viscosity. A raindrop 
falling through air is retarded by the viscocity of air, The viscous 
‘drag’ increases with the velocity of the drop, After a time the drag 
reaches a value equal to the force of gravity on the drop. When 
this condition is reached the velocity of the drop increase no 
further, For the rest of its path it continues to fall with a constant 
velocity, called the terminal velocity. 


1-412 Coefficient of viscosity. When adjacent layers of a 
liquid are in relative motion, tangential forces operate between them 
tending to accelerate the slower layer and retard the faster, If A is 
the area of such a layer, v is the relative velocity between two layers 
distance x apart, and F is the tangential force acting on A, then F is 
proportional both to A and to »/x. We may, therefore, 
write 


Fe Av[x. 


* A molecule which moves relative to othe: molecules is successively linked 
with and parted from the molecules with which it comes into contactin the 


‘course of its motion. 
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The constant of proportiorality in this relation is called the 
coefficient of viscosity 7 of the liquid. Hence 


p.t (1-4-12.1) 
F1 
er n= 53 (14.122) 


The quantity F/A is of the nature of a shearing stress, The. quantity 
y/x is called the velocity gradient. 
We may, therefore, say that the coefficient of viscosity of a liquid — 
is the tangential force per unit area per unit velocity gradient. 
Using the notation of calculus we may write dy/dx fcr v[x. Then 
F dr. (14.123) 


The dimensions of ; is [ML-*T-*]. 

The cgs unit of the coefficient of viscosity is called the poise * 
A coefficient of viscosity of 1 poise means that 1 dyne of force is 
required to maintain a tangential velocity difference of 1 cm per sec 
between two surfaces each a sq cm in area and 1 cm apart. 


+ After poiseuille, a french physician, who irvestigated the bood circulation 
through capillary veins. 


is angular speed So long as the direction of the axis remains fixed, 


I-5 
UNIFORM CIRCULAR MOTION 


L51. Uniform motion in a circle + The motion of a particle with 
uniform angular velocity in a circle corresponds to the motion of a 
particle in a straight line with uniform speed (that is rectilinear motion 
with uniform velocity) This is the simplest case of rotation. 

Consider a particle P (fig. 1-5.1) moving in a circle of radius r. 
As it moves, the line drawn from the centre to the particle sweeps 
out gradually increasing angles. (This line 
OP is the radius vector.) Let this angle be 
measured from some standard position of 
the radius vector (say, from OA on the 
line OAx) Angle 6 which the radius 
vector makes with the standard line is 
called the angular displacement of -the 
particle, It is generally measured in 
radians. 

The angular velocity of the particle is the time rate of change of 
its angular displacement, or the angle turned through by it in unit 
time. Ifo, and g, are the angular displacements at instants t, and 
t, respectively, then the average angular velocity 
DUE Piel. 7t (I-5.1 1a) 


TI 


Fig. 1-5.1 


Angular velocity is expressed in radians per second Itis treated 
as a vector along the rotation axis. The magnitude of angular velocity 


it does not matter whether We call o, the angular velocity or the 
angular speed. Like linear velocity or speed, o may be constant or 
veriable. When ta~t: is very Very small, o is called the instantae 


; 580. di 
neous angular velocity. o= 8t; "- =F: (1-5,1b) 


The number of revolutions executed in one second is called the 
frequency of rotation of the particle, The time required to execute 
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one revolution is called the period of rotation, If the angular Speed 
is o rad/s, the period 

T=2z/o seconds, (F5 22) 

The number of revolutions executed in one second, i e,, frequency 

n— l/T— [2x per second, (1-5,3,3) 

Ex I-51. 4 Particle executes 200 revolutions in 5 seconds, 

ind (i) i ji ed (iii) period and (iv) the time 
required on turn through 90°, 


Solution : Frequency n= number of revolutions Per second (rps 
in brief) 
200 ay 
=", = 40 per second or 40 s or 40/s, 


[ The unit of frequency has been named 
Angular Speed o —2xn — 80x radians/s 
also called angular frequency. 


: 1 1 Gi ht 4 
Period T=- "30 per second = Fn] second — 0:024 s 


the hertz, symbol H, J 
econd ( or 80x rad/s ) o is 


Time to turn through 90° — angle turned through 
angular speed 
90° —_2/2 rad "es | ? 
RETS Tadians/second 80x rad/s 160° 


Relation between angular and lin 
| (fig. I-5.1) turns through an angle 9 radians in ż seconds, Then its 
| gular speed is w= g/t (rad/s). In this interval the particle describes 

an arc AP (Fig, I-5,1) of length s. 


ear speed. Suppose the particle 


Since angle in radians = “08th of are ; We have @=s/r or $2 r0. 


Dividing by twe get s/t =r.6/t 
or linear speed — radius X angular speed (in radians 


per second) 
In symbols, y-ro (1-5.1.4) 
. In a curved trajectory S= rg or ds — r, d$. 8. dr 
or aint (I 5.1.5) 
ie velocity has a second part involving change in the radius vector. 
This does happen in plan i iptic orbi 


st and hence eqn (I-5.1.4 , holds, 
Ex 152. A stone is 
cr 


Whirled at the end of a string 1 metre long 
and describes 6 revolutions in 4 seconds. Find its angular and linear 
ds. 
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Solution: Yn 6 revolutions the stone describes 6x2x 12%“ 
radians, 
+p s ngulat speed =. angle described _ 12x rad 
time taken in doing so 4s 
Linear speed = radius x angular speed iu radians per sec. 
=| metre x 3x rad/s =300xcm/s=942 cm/s. 


L5.2. Centripetal Force. According to N:wton’s first law of 
motion, a moving particle will, due to inertia, continue to move in a 
straight line unless acted upon by some external force, Tnis property 
is the directional inertia. 


== 3x rad/s. 


If we want a stone tied toa string to describe a circle, such as 
ABCD (Fig. I-5.2.), with a constant speed, we must apply some force 
here Mg on it to keep it on the circle i e. to overcome directional. 
inertia, Atevery point of its 
path the stone teads to move 
along the tangent to the 
path, i.e. along AA’ at A, 
along BB’ at B, etc. If you 
cut down the string the stone 
will fly off tangentially as you 
can verify yourself. Since the 
speed is to remain constant, 
the force applied cannot have 
any component in the direction 
of motion of the particle ; Fig 152 
if it has, it will then produce 
an acceleration in the direction of motion and thus change the 
speed, The force must therefore everywhere be perpendicular to 
the path, i.e., it must be directed towards the centre of the circle, 
along the radius; for radii are normals at every point on the 
circumference. 

When a body moves ina circle, the inward force which, acting 
towards the centre of the circle, keeps the body moving along the circle 
is called the centripetal centri-center, petes-aeeking: force. The 
agent here, your finger or the hanging load M which exerts the 
centripetal force is acted on by reactional force called centrifuga Ì 
(fugis-flying away) force in engineering practice, But correctly, it 
should be called the centrifugal reaction: The centrifugal reaction 
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` is thus equal and opposite to the centripetal force; acts on the 
agent which restrains the moving body, and is directed outwards from 
the centre of the circle. It does mot act on the bcdy. We shall 
discuss the correct meaning of centrifugal force in Sec, 1-5.4, 
Magnitude of the centripetal force. Suppose a particle of mass 
m moves round in a circle with a constant speed v and is at the point 
A (Fig I-5.3.) ata given moment, Consider a very short interval of 
B time t. If there were no force 
MD acting towards the centre, the 
particle would movea distance 
AB=yt tangentially in time t, 
which is very short. But, be- 
cause of the centripetal force 
F there will be an acceleration 
a=F/m normal to the track 
Fig. 1-5.3 (ie, to AB ) Due to this 
acceleration the particle would move a distance iat? perpendicular 
to AB in time /, aud be brought to a point D on the circle where BD 
is parallel to AO, Drawing DE parallel to AB, we have from geometry 
DE* = AE.EC, where AC is the diameter 
= BD.EC = àat* (2r—tat®) = rat*, 
[(:)at*]* may be neglected in comparison with 2r, as t is small. 
Thus DE? = AB’ = y?;* = rat? or a y*jr, 
-. Centripetal or central) acceleration v^/r2r,? — (1-52 1) 
and Centripetal force F2 mv?/r —mo*r (1-5.2 2) 
Ex. L5.8. A 70 g stone is being whirled by a 20 cm, long string, 


10 times a second with uniform speed. Find the acting centripetal 
force, 


Solution: F- my" [r- mo*r — m.(2xn)*r 
= 70 x4 x (22/7)* x 10° x20—5522 N 

Alternative proof. The moving particle has a velocity y along 
the local tangent to the circle, Its speed does not change with time, 
but the direction of motion changes continuously at the uniform rate 
of 2x radians in T seconds, that is, at the rate of 2x|T — 0 = vlr. 
Acceleration means rate of change of velocity, that is, of both speed 
and direction. Here speed does not change; only the direction 
changes at the rate y/r. Therefore the acceleration is y y/r— y*/[r. We 
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have seen earlier that the force, hence the accleration, is directed 
towa:dsthe centre. Thus the centripetal acceleration is v*/r and 
< centripetal force is mv*/r mor. 


As o js the angular velocity of the particle, T its time period and 
n its frequency, we have ; 

y - or = 2nr/T= 2anr. (1-5.2.3) 

When necessary we may substitute any of these values in Eq.5 
J-5,2.1 or I-5 2 2. 

The above analysis shows that if we want to make a particle of 
mass m and speed v move round in a circle of radius r, we must apply 
to it a force F=myv"/r perpendicular to v. 

To deduce the expression for centripetal acceleration with the 
help of vector diagram. 

Let a particle be moving with uniform angular velocity o in a 
circle of radius r (fig. 1-5.4). h 
The vectors v, and v, represent Q 


the instantaneous velocities at 3 
P and Q. The vectors have 
the same length but different 47) 


directions. The average V g 
acceleration a is the vector 
change in velocity between P 
and Q, divided by the time 
taken. The vector change in 
velocity means the vector Fig L54 
difference v, — v,. Let us write 
is at Sv. : 
Now, Va —V, i$ the vector sum of v, and —v,. —Y,1i58 vector 
equal and opposite to v,. To get av, we lay down — v, from the end 
point of v,, and join the initial point Q of v, to the end point S of 
—v,. The line segment QS represents the vector difference tv. 
If the. particle took a short time àf in moving from P to Q then 
the average vector acceleration between P and Q is 
x a= 8v/ 8t. 

It points inwards in the same direction as sy. Let y be the 

and sọ the angle between OP and OQ, 


v 


magnitude of either Va OF Y», 
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that is, between v, and —v,. Then from the isosceles triangle QRS, 
QS-2QR sin 50 If 86 is very small we can write sin 150— 156; 
(See equ. 0-2.7.1; So, when P and Q are very close together, the 
magnitude of àv is 

dv = QS = 2QR. 188 v 50. 

When P and Q are infinitely close together, both 50 and à are 
infinitesimal We then get the instantaneous acceleration by dividing 
both sides by g¢ This acceleration is directed towards the centre O 
of the circle, Its magnitude is 

a= v= y. d =yo 

Or, centripetal acceleration =linear speed x angular velocity. 

[ Since o =v/r, we can also write a=y*/r, The instantaneous 
acceleration points towards the centre O and has magnitude a =y*/r 
=yo The corresponding (centripetal) force F= my* [r = mvo, where 
m is the mass of the moving particle, It has the direction of the 
centripetal acce'eration, that is, the centripetal force is directed 
towards the centre of the circle. ] 

Since the moving particle has no component of displacement 
along the direction of the force, the cen'ripetal force is a mo work 
force, for work done by a force is measured by F.s cos 8, F represen- 
ting the force and s cos 8 the component of displacement in its 
direction 

Ex 15.4. A small body of mass 200 g revolves in a circle on a 
horizontal frictionless surface, being attached by a string, 20 cm long, 


toapin in the surface. Find the tension in the cord if the body 
executes 90 revolutions per minute; 


Solution: Angular velocity »=2n=2x 90+ 60) rad/s, The 
tension in the string supplies the centripetal force P. 
S800 F=mo*r= 200g x (3x)? s- x 20 cm 
—9z* x 4000 g cm $7* —3:55 x 105 dyn. 
Problem. (1) A particle is on the top of a smooth sphere of radius 
r. Whatis the smallest horizontal velocity that should be given to it 
So that it may leave the sphere without sliding down it ? 
( See Eqn, I-5.5 1 ), [Ans v= JgrJ 
_ (2 A body of mass m lies on a horizontal rotating table ata 
distance r from the rotation axis, The coefficient of friction between 
the body and the table is u. What is the magnitude of the force of 
friction if the table is rotating at n rps? At what angular velocity 
will the body begin to slide? . [Ans umg; œ= Jug|r] 


pr 
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( Hint : The force of friction provides the centripetal force). 
[Ans œ= Jagir. ] 


15.3 Centripetal acceleration : We know that acceleration is 
avector and the time rate of change of another vector, velocity. 
A vector involves a magnitude and a direction With time, only 
magnitude of velocity may change (when we say speed is changing) or 
only direction may change ; in both cases there is acceleration, 
Symbolically, as we have seen before that 

a= ty -F r1 dt (53.1) 

Both the terms on the right hand side individually represent an 
acceleration—the first term, speed changing without changing. 
direction as exemplified by acceleration due to gravity (2^, and the 
second representing uniform speed with changing direction—as for 
centripetal acceleration »y*jr. 

The most signi ficant point about centripetal acceleration is that. 
it constantly accelerates the particle towards the centre normally 
(ie, at right angles to its path) and yet the particle maintains its: 
distance from the centre unchanged ; it does never approach the center, 
This happens also for planets and the satellites. This is because the 
the acceleration being normal to the direction of motion has no 
component along that direction for it to change the speed. 


Note that, this is an example of independence of two mutually: 
perpendicular vectors —operation of one an acceleration, on a particle. 
does not at all affect the operation of the other, à velocity on the same 
particle, Another that you have learnt, is the parabolic path followed 
by a particle projected horizontally from a height with uniform speed. 


and simultaneously subjected to a vertical acceleration due to gravity.. 


We therefore see, that the centrally directed constant force is used 
up completely in continuously changing the direction of a particle 
moving along a circle, leaving none to move the particle towards the 
centre, This state of affairs hold for (i) an artificial satellite circling: 
the earth and (ii) an electron circling a nucleus in an atom, Jn 
neither cases the central force acting towards the center can 


draw the circling particle towards it and for the same reason. 


a 
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L5.4. Centrifugal force, The centrifugal reaction js called: the 
centrifugal force by many modern authors, particularl y in engineering 
Practice. It is exerted by the body on any thing that makes the body 
follow a circular path. It is equal and Opposite to the centripetal 
force. Application of the term ‘centrifugal force’ to mean the 
“centrifugal reaction? is definitely a misuse, 


The true sense of the term centrifugal force may be represented in 
the following way. (i) Consider a horizontal table rotating abouta 
vertical axis at a constant angular speed, Imagine, further, an 
Ob.erver situated at the centre ef the table and rotating along with it, 


( fig, I-5 5) but unconscious of 
the motion of the table, He 
holds in his hand one end ofa 
spring, to the other end of 
which is attached a ball, When 
the whole system rotates unifor- 
mly, the ball appears to him 
to be at rest. But he is conscious 
of the pull he exerts on the 
ball. How is it that the ball 
On which he exerts a pull does 


equal and opposite to the pull he exerts on it, This force is 
called the centritagal force. It must not be confused wish the 


To an obseryer Standing at rest outside the table the centrifugal 
To the observer who has the same motion as 
that of the table, this force is as real as any other force. When the 
centripetal force ceases, the Stationary observer finds that the stone 
flies off tangentially to its path ; but to the rotating observer it appears 
to move radially outwards because of the centrifugal force, 


— 


Se 
ee 
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(iii) When a car suddenly rounds a curve a passenger seated’ in 
the car feels a force: pushing him radially outwards, This subjective 
feeling of a force directed outwards: is the centrifugal force in its 
original sense, It exists relative to one who shares the motion of the 
car, Toa stationary observer outside the car the passanger tends: to 
move tangentially to the track due to inertia, while the car moves in a 
circle. - This reduces the distance between the. passenger and the outer 
side of his seat, which soon reaches him, and presses him inwards, 
thussupplying the necessary centripetal force to make him move 
in the required circle, Some prefer to call the radial thrust exerted 
by the passenger on the body of the car as the centrifugal force, 

Definition. The centrifugal force may then be defined as a force 
equal and: opposite to the centripetal force, acting radially outwards on 
a body rotating in a circle aud existing only relatively to an observer 
who has the same rotational motion as that of the body. 

Centrifugal force a ‘pseudo’ force. It is considered as a pseudo 
(false) or fictitious force for above examples tell us that outside the 
rotating system or frame it has no existence We cannot locate an 
agent applying the force. For all real forces we can, For, all real 
forces arise due to interaction between two bodies either in contact or 
at a distance, Examples are, push or pull, tension, friction (bodies in 
contact) electric and magnetic repulsion and attraction, gravitational 
attraction (in contact or connected or at a separation), in each a pair 
of bodies being involved, Centripetal force is real for it involves 
interaction between two bodies but centrifugal force is pseudo for 
there is no interaction, It is sometimes called a ‘g’ force. 

Origin of centrifugal forces or any other form of pseudo-forces 
are due to non-inertial or accelerated frames: of reference; 

Newton's second law of motion F=ma holds in a frame"of 
reference which is either at rest or moving with a uniform velocity. 
It does not hold in the given form when the reference frame is 
rotating, To write the law of motion in the Newtonian form when 
the reference: frame is rotating, it is necessary to add other forces to 
the applied force, Centrifugal force one issuch force, Coriolis force 
is another, These added forces are pseudo-forces as they are not due 
to interaction between bodies. s 

Any object undergoing a circular motion may be referred to as 
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R 
a rotating frame of reference, which is afier all an accelerated 
(centripetal) frame, with the same angular velocity as that of the 
circular motion, Centrifugal force is due to the rotation of the frame 
of reference where the observer is, Like all pseudo forces it acts 
opposite to the acceleration, in this case away from the center, 
Note: In mechanical problems we have two alternatives— 


i) Choice of an inertial frame where Newton’s laws of motion 
holds and real forces i, e, assosciable with definite bodies that can be 


located, (ii) Choice of non-inertial frames where to apply Newton's 
second law a pseudo force has to be subtracted so that F—F’=mq 


would hold in place of F= ma, 


Though we do with the first alternative mostly, sometimes we | 
have to fall back upon the second one, as in the present case, 


Reality of centrifugal 

7 de, force. A man stands on a 

AS Sep rotating turn-table fig, 

j b L5,6(3) holding two weights 
on his outstretched hands, In | 
pulling the weights towards | 

his body his muscles will have 

to do work against the 
centrifugal force, The man is | 

in a rotating reference frame, 

If a briefcase lies loose 

on the feat of motor car it 


Fig. I-6.5(a) will move sideways and reach i 
the wall of the car, ifit takes ; | 


a quick turn, ' 


i 
Measuring the Centrifugal ! : Z 
pies (fig 1.5.6), The deuda ni LI, 


can be fitted to a hollow axis 
which can be rotated pretty 
fast. On the frame is a ballthat 
can slide along the rod AB, A 
thread is attached 1o the 
bottom of the ball which 
passes overa pulley (P) and 
Supports a scale-pan (S! When the frame rotates, the ball tends 


Fig. 1-5.6(b) 
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to slide away from the axis towards the end and thus tenses the 
string (T). By putting weights on S, the ball is prevented from 
leaving its position, The weight on S equals the tension of the 
string and hence measures the centrifugal force, Faster the frame 
rotates greater is the weight required, to stop the sliding motion, 

We can also regard the weight on the pan as measuring the centri- 
petal force for the tension of the string may be regarded as supplying 
the centripetal force whieh equals the centrifugal force in magnitude, 


Ex. 1-55. A small disc of mass m rests on a friction'ess table 
at the end of a long string. Its other end passes through a hole at the 
center of the table and supports a heavier mass M, Find the condition 
with which m must circulate so as to keep M at rest. [See fig. I-5 2] 

Solution: The condition is mv*/[r = Mg v?/r=(M/m)g 


Ex L5.0. What would be the length of a day be if the earth spun 
fast enough for a body on the equator to become weightless? Equa- 
torial radius 6378 km, g 9.78 m[s?. How much faster would the earth 
spin then ? 


Solution: To realise the given condition we may arrive at the 
same relation by considering either (a) the centripetal force being 
supplied by the pull of the earth on a body, or (b) centrifugal force 
nullifying that pull, 

In either case we have mo*r-mg or (4n*/I*)r=g . 

or T-2x Jrjg- 1.41 hrs 2/2 hrs 

This would be the length of a day, The relative angular speed 

would be 


The earth then ould spin 17 times faster. 


Remember as a summary— 

All the three forces, Centripetal, Centrifugal reaction and cen- 
trifugal force have same magnitudes—mo*r, indicated in fig, 1-5.7, 

(i)  Centripetal force—It acts on the moving body radially inwards 
and is applied by an external agent and hence is real. (Fo.p) 

(ii) Centrifugal reaction—It acts on the steady agent at the center 
radially outwards and is exerted by the moving body as a reaction to 


the above force and so is real (Fore) : 
(ii?) Centrifugal force—It acts on the moving body radially out- 
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wards appearing only in rotating frames, No agent applying the force 
can be recognised and so 
the force is fictitious, 

In fig. 1-5.7 they have 
been marked as (1), Q) 
and (3) respectively, 

Note again, though 
equal and opposite the 
centripetal and  centri- 
fugal forces cannot be 
action and reaction for 


Fig. 1-57 


they act on the same body. 
1-55. Some Illustrations of Centrifugal forces. 


‘| (i) Whirling of a bucketful of water in a vertical plane (fig. I-5,8) 
can be done fast enough 

| such that though directly mv2/r 

| overhead water will not =~ 

i fall off. This is because en SA 

i the vertically upward P ad uda mg s 

i centrifugal force balan.es pa M 

[i the downward directed — | E 


weight of water, i.e, 

mg-mv*[r or mo?r so 
| that y= Jgr. (1-5.5.1) 
| The same occurs when the pilot is pinned to his seat head down- 
fi wards as he loops a verical loop fast enough so as to develop 
| centrifugal acceleration of 5g to 10g and experience strange and 
physically damaging cerebral and visceral sensations—a case of 
Superweightlessness, 

(i) Flattening of the Spinning Earth. The Equatorial bulge. 
This well-known fact, is explained by the fact that at its birth and 
till much much later, the earth was a semifluid and semi-solid sphere 
spinning about an axis through the poles and much faster. As one 
proceeds towards the equator, points on earth describes progressively 
larger circles about the axis of rotation, Soa point on the equator 


Fig 1-58 


— 
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must spin fastest as it describes the largest circle, Hence there 
would be the largest centrifugal force there, producing the vgs 
bulge against the gravitational pull of the earth, 
Newton had proposed this explanation and 
calculated that the difference between equatorial 
and polar radii as 435 of the average radius. 
Data provided by artificial satellites have 
corrected the value to 1/297,5. 

This state of affairs can be simulated by a. 
simple device shown in fig. 1-5.9. To a thin 
vertical rod attach four metal strips so as to 
from two circles at right angles, Their upper 
ends are attached to a collar which can. slide 
easily up and down the rod. Now spin the 
rod very fast when the upper collar slides down 
producing (as shown lower) an oblate spheroid 
with an equatorial bulge, 

(iii) Reduction of Weight due to the Spin of 
the Earth: To an imaginary observer at 
rest out in space everything on earth would be 
spinning with the same angular velocity o. This necessarily produces 
a centrifugal force on each, the magnitude depending on the latitude 
or the radius of the great circle where the body is, That. lessenes 
the weight mg 3 mo*r. A the equator, loss for 1 kg 
becomes 


(b) 
Fig. 1-59 


4a" x 6378=10" _ 337 g, 


Ax'riT" =~ Ba x 30007 


This can be explained from the standpoint of centripetal force 
also; mo?r being deducted from the weight mg to provide the 
necessary centripetal force, We return to this point in II-1.6(3). 


(iv) We have seen that if the earth spun 17 times (Ex. 1-5.6) 
as fast as it does now, bodies on the equator would become 
weightless, If it spun still faster, so-called superweightlessness would 
result, bodies will fly off radially and the earth may burst at the 
seams, because of strong centrifugal forces, Here the centrifugal 
reaction may be said to, exceed the centripetal force. 

14 
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That is why a flywheel or armatures in giant electromagnetic | 
| alternators should not be rotated very fust lest they burst, | 
(v) A ball rolling down an incline may achieve enough speed at 
| the bottom £o as to describe a vertical circle ie topping the loop 
before moving up an incline as 
shown in fig. I-5.10, The motion 
is similar to as in our first 
illustration, We shall see that 
the minimum height of the 
Fig. 1-5.10 incline should be 5/2r, where r is 
the radius of the radius of the vertical circle described, [ Ex 1-5,{2] 


hinged near their tops, are spua at a high speed in a horizontal circle 
| by air pressure or electri- 
j cally driven gears, As 
i the machine spins, the 
| lower ends of the tubes 
| rise (as the governors of 
steam engine) The tubes 
Wilt ultimately become practi- 
| cally -horizontal and 
move ina horizontal Fig. I-511 
circle. (fig. I-5.11) 

The tubes contain particles in suspension in a liquid of different 
density, such as fat particles in milk, the red corpuscles in blood, etc. 
The purpose of the centrifuge is to separate these particles from the 
liquid, 

f In the centrifoge, a particle of volume V, density o and angular 
| speed o needs a, force Vow*r to keep it rotating in a circle of 
| radius 7, The surrounding liquid can exert on it a centripetal force 
| Vpo*r where p is the density of the liquid, Ifp>c, the particle 
moves towards smaller values of r, i.e., towards the axis of rotation. ` 
If o>, the particle moves towards larger values of r, ie., away 
from the axis of rotation. 
The rate of sedimentation under gravity is prircipally determined 
by the difference in densities between the sediment and the liquid. 


k 
l (vi) Centrifuge It is a device in which small tubes or vials, 
| 
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When ,) is large, the force vis — pjo?r tending to displace the ‘particle 
is much greater than that due to gravity which is vz—9)g. Now 
o'r can be made very much greater than g. With modern 
techniques it is possible to obtain values of o?r approaching a million 
times that of gravity. Hence sedimentation is brought about much 
more quickly by a centrifuge than by gravity. 

The centrifuge is of great value in various fields, particularly in 
medical and biological research, eg, in separating proteins, hormones, 
viruses etc, from sera or other liquid media, It is also used for 
separating cream from milk and has many other similar uses, 

A cream separator filching out cream from milk, works on the 
same principle, You might have observed milkmen doing the same 
by rotating with their palms rapidly, a rough wooden stick plunged in 
milk If you set dir.y water in a bucket into fast rotation with your 
hand you can achieve quick sedimentation. 

(vii) Centrifugal drying machine. It consists of a cylincrical 
vessel with perforated walls and can be spun rapidly round its axis, 
Damp clothes are placed in the cylinder, which is set into rapid 
rotation, Asa result of the centri^ugal force, the water is forced out 
through the perforations in the walls of the cylinder, and clothes are 
dried thereby. Alternativ ely, we may say that as there is not enough 
centripetal force, the water particles fly tangentially away through 
the holes, 

(viii) Centrifagal Pump : Unlike the force or lift pumps (sII-7.2) 
this pump raises water in à continuous stream Or circulates it through 
a system of pipes. It has three 
parts— Casing (C), impeller (IM) 
and spindle (S) as indicated in 
(Fig. 1-512), I and O represent 
the inlet and outlet pipes. IM 
is a hollow revolving wheel 
with vanes, Coupled to 4 
driving gear the spindle rotates 
the impeller, Water in C is then 
flung outwards by the centri 
fugal force and is delivered 


Fig, 1-5.12 
through O and fresh liquid flows in through I, The pump must be 
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full of water before it starts working. If the peripheral liquid 
attains a velocity v, the water in the discharge tube would climb 
to a height h, where y? —2gh. 

They also serve as blowers and exhaust fans for blast furnaces 
planing mills, vacuum cleaners, ventilating systems and wind tunnels, 


Ex. 1-5.7. A centrifugal pump raises water to a max height hand 
has a blade radius r. Find the necessary n in rps, neglecting friction. 


Solution; Equating K E. to P.E. we get 
4 mo*r® =2mgh or 4x*n* ~ “sh or n= Jghixr 


(ix) Conical Pendulum (Fig. I-5.13) is a small sphere hanging at 
the end of a long thread fixed at 
the upper end and describing a 
circle, The tension T along the 
string has two components T cos @ 
balancing the weight mg of the 
bob and T sin g balancing the 
centrifugal force mv*/r, Thus 

Tsin8- Mi 

T cos @= Mg 

tan 9=y" /gr=o*7/g (1-5.5.) 


Again o=2x/T = N8120 
n 


- , /g tan 6 
Fig. 1-53 i lsin 9 
= Jg/lcos@ _—(I-5.5.2) 
This expression is very important and would recur repeatedly. 
Faster the bob rotates, greater is the angle of inclination and obvic- 
usly higher is the plane of rotation of the bob, 
Ex E58 41m long thread fixed at one end carries a mass 100 8 
at the lower end and makes 2/n rev. per sec around the vertical axis 


through the fixed end, Find the angle of inclination and the linear 
yelocity of the mass, 


Solution: From the given conditions we find 


n 


g 9 
ore E or 4x B ; Or cos 0 — 9.8/16 


6=52°12! 
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Again v= J gr tan a= Jgl sin 9 tan 8 
PELA ae 
=V¥98x1x0.1902x 1.2892 — 3.16 m/s. 


(x) Watt's Steam Governor: This acts somewhat on the 
principle of conical pendulum. It governs various rotational speeds of 
the machines, A and B (fig. 1-5.14) represent two heavy balls 
supported by rods pivoted at both ends, The pivots at C are fixed 
to a central shaft, Those at D 
are attached toa movable collar. 
As the shaft spins faster cer tri- 
fugal forces push A and B 
further out and higher and so 
raise the collar D. The collar 
then operates a system of levers 
which control and check supply 
of steam to a steam engine, As 
D rises, the steam valve openes, TO VALVE 
steam rushes out, steam pressure Fig 15.14 
falls, slowing down the shaft. 

Then A and B descend, the collar D descends and closes the steam 
vale where pressure and speed builds up again, The instrument 
has been modified to operate ? brake as in 8 gramophone 


motor. 
In developing its theory consider the A CAE where AE represents 


the centripetal force my*|r making the bob describe the circle. Then 
from the law of sines 


mv3/r__AB_ sin ACE ,, sin; 8.5 tn ejl 5d: goto s 
mg CE sin CAE sin 90-9) Jis —r?il Jr*-r* 
or v*egr*| Jin : (15.53) 


well. A. In amu:ement parks or circus- 


(xi Rotor or Death- ; ; 
shows a hollow large diameter vertical cylinder is set up that can be 


set rotating at a very high speed. A man stands on a platform against 
the wall, whi h is rough and so is the clothing of the person When 
the drum rotates fast enough, the platform is moved out from below 
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the performer who does not fall off and remaias pinned up against the 
wall. (fig. I-5.15.) 
We find the minimum speed 
‘of rotation for this to happen, On 
him we have (i) his we ght W 
acting down wards which is 
balenced by (ii) the force of 
static friction f, acting upwards. 
This arises due to the normal 
force m,?R pressing the man 
laterally to tbe rotor surface; 
friction acts at right angles to this 
centrifugal force, upwards, for 
the tendency of the man to 
move is downwards. Now if 
the coefficient of friction 
between wall and clothes materials 
be u, then 
fi- uN = umo? R= u/W/g)o*R 
` This balances th: weight W of the man 
N Ww Ww R 
zs dui Wine" EO iin ei 


Notice that the result is independent of the weight of the 
man, 


B. In a variant, the drum remains static and along its walls, a 
rider drives furiously a motor cycle, The rider and the cycle assumes 


_ a horizontal stance, yet they do not fall off, rhis is a case of dynamical 


equilibrium when the outward centrifugal force is balanced by the 
reaction of the wall. The latter may alternatively be thought to 
supply the necessary centripetal force, A motor cyclist looping the 
loop inside a spherical cage at a circus-show along all the possible 
circles utilise this principle. 3 

Problem. A vertical steel cylinder of diameter 20cm when. 
rotating, carries a small steel piece pinned to it when the rotation 


exceeds 200 rev, per min, It falls down at lower rp.m, Find p 
between steel surfaces. (Ans. 0,22) [ Lond Univ. | 


5. 
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Ex 15,9. 4 small iron piece is at the bottom of a hemisphere of 
radius a; u between the two is 
the coefficient of fricticn AS 
the vesesl is rotated with an 
angular velocity of œ, the piece 
rises inside it, till the radius 
joining its maximum height to 
the center makes cn angle 0 
with the vertical. Show 
that 


aw” _ sec o—p cosec 0 
g l+autan 6 
Solution: Let the particle 
rise to A ; it does so because 
of centrifugal force and held there against gravity by friction which 
are respectively mo*4 and mg. Both of them are resolved and the 


forces are as showa in the figure. For equilibrium we have, equating 
tangential and normal forces 


mg sin 0 =pR+mo*a cos 0 
and R «mg cos 8-pmo*a sin 0 
s. mg in 9=m ug COS 6 + uo sin 8)4-mo*a cos 0 
or gsin 0 mg cos 8-ruo*a sin? 0-Fo*a sin 0 cos 0 
po*a sin 6 NC cos 
g g 


s 8 
=p cot ov (usin g+cos 6 =P cot 0+ cos  (u tan 0+1) 


or 1 -ucotóc 


2 
o*d _ 1 — p cot 0)/(u tan 9 $1) cos 6 
ACER cot 9) sec 0. Sec o — u cosec 0 
= Jp tan 6 1+ p tàn o 
156. Friction and Circular motion. Example 1-5.9 above i 
indicates the role of preventing relative motion between surfaces in 
circular motion, by friction. We consider more cases. 


(1) When a knife blade is sharpened on a spinning grinding wheel 
you may have observed glowing particles on the wheel rotating with 
it at lower speeds. Adhesion and friction prevents relative motion. 
But they shower out tangentially at high enovg^ speeds when 
frictional forces are insufficient to provide the necessary centripetal 
force to hold them on the wheel. 


176 . MECHANICS: 


(2) . A muddy wheel holds mud patches at low speeds but throw 
them up tangentially when rolling fast. It is against them that mud- 
guards are provided on all carriage wheels. 

When cars on a curved path takes a bend at low speeds on rough 
roads, sideways friction provides the necessary centripetal force, But 
\the‘magnitude is small and uncertain, 

»(3) Friction determines when à car will skid or overturnn : 


\Fig I-5.16(a) represents a wheeled car on a level road in contact 


e 


, Fig. I-5.16 
at A and B where R and S are normal reactions, Consider the vessel 
to be turning in a circle with the center to the left in the plane of the 
diagram (fig I-5,165) 

A motor car cannot  ofitself change the direction of its 
motion, 

When it takes a bend it moves in a circle. To make it so move, 
it requires an external force to be applied towards the centre of the 
circle. Ona level road this force can be supplied only through 
friction between the wheels and the road, The required force is 
my*[r But the friction which is to supply this force is small and of 
uncertain magnitude, So the car should be driven slowly ; otherwise 
it may skid in its tendency to continue in a straight line, Skidding 
occurs when v is too large and r too small, 


Ka) 


* For the inquisitive student, 
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Skidding Fi and F, are frictional forces which supply the 
necessary centripetal forces mv2/r. If Wis the weight of the vehicle 
and the coefficient of friction between the road and the wheels, the 
maximum frictional force being uW, the vehicle will skid ie. side- 
slip if À 

mv? |r> Max. value of F, + F,=uW=umg 
or my2/r>umg Of v7 Jugr (1-5 6 1) 


Overturning : If the car overturns, it turns about the points of 
contact of the outer whaels. Then S and F, vanish. The moment of 
the force (116.4) tending to overturn itis hx mv?/r where h is the 
height of the line of action of the centrifugal force above the ground. 
This force acts through G the C. G, of the car. The moment 
of the restoring force due to the weight of the car is Wa mga. 
The car will overturn if 

my23h|r z mga OF v7 Jgrajh (1-5.6.2) 


Note that mass of the car is quite irrelevant for either. 


(i) If uzalh, the vehicle will overturn rather than skid. If h is 
. large this condition is more easily satisfied, and the vehicle overturns. 
In sports cars h is kept low and a is made large SO that the car may 
not overturn. 

Gi) Ifu«alh, it will skid before the speed is high enough to 
cause overturning. If h is small the vehicle is more likely to skid 
than to overturn. 

Ex 159. C.G. of a goods train is, 3 ft above the rails 4 ft 
apart. What is the safe speed limit in taking a turning of 108 fi. 
radius ? 

Solution: The centrifugal force my*/r acts horizontally and the 


wt. of the train acts vertically through the C. G. As shown above we 
take momen's about the outer rail and equate them 
mv” hainga or, ve garjhe (32 x2% 108)3 
r 
^ y=48 ft/s j i h 
Prob, Acar negotiates a curve of radius R of which the w ees 
are b apart and C. G. at height h from the. grouad, Fiad the velocity 
of ifs turning such that pressure on the inside wheel vanishes. 


| Ans. pept] 


————=—=———— 
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1-5.7. Some examples of Centripetal force and its reactions 
(i) Banking of Roads: To remove this chance of skidding or 
overturning the road bed is inclined to the horizontal at the bends, 


ta) (b) 


Fig. 1-5.17 
the slope being towards the centre of the bend as indicated in 
fig. 1-5.17(a) and (b) 

Fig I-5.17(c) shows a moving car on such an inclined road bed. 
The weight W of the car acts 
vertically downward at its centre P 
ofgravity. The normal reaction 
P of the road on the car is 
perpendicular to the bed, 
friction being left out of account. 
The vertical component of P, 
ie. P cos 60, balances the 
weight, while the horizontal 
component of P, ie, P sin 60, 
supplies the necessary centripetal 
force, Thus we have P sin 8 

=myv*/r, and P cos 0 = W — mg. 
whence tan q— y?/gr. (I-5.7.1) 

This equation gives the proper angle for banking of a curved road 
of given radius r, for a pre-determined speed y of a car. 

In the case ofa railway train, the rail on the side of the circle 
away from the centre is raised. The forces are as for a motor car oD 
an inclined road bed, When the track is tilted to am angle tan 
0 — v? [gr, the stress between flange and rail vanishes, At other speeds 
either flange must press against the corresponding rail. 


Fig. 1-5 17(e) 


— < 
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If the distance between the rails is d then sinc? 0 is. small 
(fig 1-5,17d) we may put tan 
o = AC[BC = AC/AB. this f 72 eee 
the elevation of one rail above ad 
another will be 

AC 2 (v*[gc)d (1-5.7.2) 

Problem. ^ train takes 


acurve of radius half a mile 
at 30 mph. The separation Fig. 1-5.17(4) 


of the rails being 5 fr how much higher the outer rail will be above : 
the inner one so as to neutralise thrust oa the wheel flangs. 


(Ans nearly 4") 
(i) Cyclist taking 4 bend. The case of a cycle may be similarly 
treated. While rounding a curve the cyclist moves in a circle, so 
that necessary centripetal force must be supplied. The cyclist leans 
towards the centre of the circle (fig 1.518) in which he wants to 
j move and derives his centripetal force 
from the horizontal component of the 
reaction P (= CS) of the ground. P is 
made UP of a vertically upward 
component R (2CR- AR) equal and 
opposite to W, whe weight of the cycle 
and the cyclist and à horizontab 
component F (=CD=AF) due to 
friction. P^ = w?+F*. The maximum: 
value. of F is uW, where p is the 
ccefficient of friction between the road 
and the tyres. Hence the maximum. 
avail .ble centripetal force is u W. 
however mv"/r exceeds uW the cycle 
skids, If 6 is the inclination of 


the cyclist (ZSCR or ZRAC) to the vertical, P cS 0 W and 
PsingeFemvjr. So that again tan g -v*Irg. For larger speeds 
and smaller radii 6 must increase. The maximum inclination 6 
which the cyclist can have without skidding is given by tan 
-uW|Weu v Irg- je. the condition must be y< urg, for no 
skidding. 


E 
i 
t 
1 
[77] 


R 


mer LLID 
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Fig. 1-518 
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Problem. (1) A cyclist takes a bend of 20 ft radius at 10 mph, | 
At what angle must he lean, and what must be ihe smallest coefficient 
of friction between the tyre and the road ? (Ans. 18°35’ ; 0,336) f 


(2) A cyclist moving at 8 mph wants to turn about, What is the 
radius of the smallest circle he can take if the coefficient of friction 
between the road and the tyres is 0,4 p (Ans. 10.8 ft.) 


(3) A cyclist is describing a circle of 20 m radius at a speed 
of 18 km per hour, What is his inclination to the vertical ? (Assume 
the rider and the cycle to be in one plane.) [ H. S. '78 | 

(iii) Planets move round the sun in approximately circular paths 
aad so do the satellites around their planets, the necessary centripetal 
forces being supplied by gravitational attraction of the sun aad the 
planets as the case may be, 

(iv) Electrons in an atom move round the nucleus similarly, the 
centripetal force being provided by the coulomb force of attraction 
between opposite charges. 

Note : In the last two examples the forces of interaction act at à 


distance without an intervening medium and not through contact as 
in other cases, 


I58.. Motion in a vertical circle. Fig. L5.19 represents a small 
body of mass m whided ina vertical circle with centre O. It is 
attached to the centre by a string 
of length r, The motion is c'rcular, 
but not uniform. The body gains 
speed on its way down and loses 
Speed on its way up. Recall the 
whirling of a bucket of water 
vertically without water spilld out, 

Let v, and yv, represent the 
linear spieeds at the highest and 
lowest points, and T, and T, the 
corresponding tensions in the string. 
Then we shall-have 

5 T,+mg=my,*/r, (I-5.8.1) 
Dk Tae ^7 and T m= nip, je. (5.8.2) 

As the particle moves f om the highest to the lowest peint it 

loses 2mgr of potential energy, and gains equally in kinetic energy. 


we im»,* = imv,* 2 mgr, Or y,* — y, * = 4gr (1-5.8.3) 
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There is a'critical velocity below which tke stritg becomes slack 
at the highest point. It may be obtained by putting T,«0. 
in Eq. 1-5.8.1, This gives mv,” ro mg ot v, — Agr. (15.8.4) 

Combining Eq. 1-5.8.3 and .4 we find that the miniumum 
horizontal velocity with which a particle, hanging freely at the end of 
a string of length 7, must be projected so as to describe completely a 
vertical circle is given by v,* —5 gl. 

Note that at any point ofits path the sum of the kinetic and 
potential energies of the particle will be constant, and the resultant 
force on it will be directed towards the centre of the circle of motion, 


Ex. 15.10 Anarched bridge is to be so designed that cars 
may pass over the bridge safely at speeds upto 180 km/hr without 
jumping off the road. Find its radius of curvature. [EE 75]. 

Solution: For the maximum speed the weight is completely 
used up to supply the necessary centripetal force or just neutralised 
by the centrifugal force, ie. 

"p= -pjg oo) Ems)? _ 25005, = 
my*|[r2mg or r=v"/g 93 m* 7 98 m2z255 m (nearly) 
Ex L511. A small body tied to an inextensible almost, massless 

string of length 5 m is rotated in. a vertical circle. Find the minimum 
velocity at ihe top, for the string not to slacken and the velocity and 
angular speed at the lowermost point. LT TT. 62] 
Solution: vi= Jgr= 49.8 x5 =7 m/s 
y, N5gr= 15.652 m/s 
o =v,/r=3.13 rad/s ; 

Ex £5.12 A small ball rolls down a smooth incline from its top 
ata heigh h from the ground. It describes a yertical circle after 
reaching the bottom Find a relation between h and r the radius of ihe 
circle. (See fig. 1-5.11) 

Solution : To move in a vertical circle the ball must earn a 
minimum velocity of J5gr at the bottom where its K.E is 4my* at 
the cost of P.E which is mgh, ^. mgh= hm Sgr or h=§ gr. 

Problems. (1) A motor car of weight W travels ata uniform speed 
v(a) ona horizontal bridge, (b) on a convex and (c) on a 
concave bridge, both of same radius r, Find the force exerted. by 
the car on the bridge in each case with the car at the middle of 
the bridge. 

[4n (a) FW; (9) F2 W-m*ir; () FoWem ird 

.(2) The string ofa pendulum of length 7 is displaced 90° from 
the vertical and released. What i the tension in the string as it passes 
the position of equilibrium ? [ Ans. 3mg} 


——————— 


: of uniform circular motion on CD, 


7 
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15.9. Projection. 


From geometry perbaps you have already learnt the meaning of 
the term projection of a line segment on another Straight line, You 
drop a pair of perpendiculars from the two ends of the given line 
Segment on the given straight line, The distance between the feet 
of these two perpendiculars gives the line segment on the given line, 

In fig 1-5.20 we have a pair of 
equal lines OA and OB, We seek 
to find the projection of OB on OA 
each of length 7; this is a parti- 
cular case of Projection relevant 

AN to discussing S.H.M. 3D is the 
" lcose ? ^ perpendicular dropped from B on | 


Fig. 1-520 OA and OD =OB cos 0 gives the 
projection of OB on OA, 


Projection of uniform circular motion on a diameter. In fig 
1-5.21 let us have a particle moving along 


the circle CADB with uniform circular [.— 
velocity o in a clockwise direction b 
where the particle has reached P at any » 


moment, Drop a perpendicular PK on à ^ 
AB. As P goes the circle round and round, Sy. 
the point X moves to and fro along AB, | 
The motion cf X is the projection of i | 


uniform circular motion on the diameter 
AB Fig. I-521 ! 

Similarly a perpendicular PY may be dropped on the diameter 
CD. As before with P moving round the circle, the point R moves 
up and down between C and D, Motion of R alsois the projection 


Models : (1) The bob of a conical pendulum you know, describes 
a circle in a horizontal plane, Place your eye in the same plane a 
little distance away and observe carefully the motion of the bob 
‘with one eye closed, You shall find it appearing to move to and 
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fro-along a diameter ( fig. I-5.22a ) perpendicular to the line of 
sight. 

(2) In fig. 1.5.22(b) is shown a disc and a bar AB coupled together 
by a pin (P) and slot (SL) arrangement, P projects from the disc 


(a) (b) 
Fig. 1-522 


and engages SL, AB can move only along a diameter of the disc when 
itrotates, As P rotates round and round, AB moves to-and-fro, So 
does the point D, the foot of the perpendicular dropped from S; as 
P moves round and round D moves to and fro, 

(3) On a gramophone turntable beside a white wall, place a 
large piece of cork carrying a long vertical pin near its circumference, 
Let the turntable rotate slowly ; on one side place a strong source of 

; parallel light, You observe the tip of the pin describing a circle while 
its shadow on the wall moving to and fto 

In each model you observe the projection of uniform circular 

| motion on a diameter of it, 

1-5.10 Projection of uniform circular motion on a diameter is 
an S H. M. 

Simple harmonic motion (S.H.M) and uniform circular motion are 
two of the simplest of that very large class of motions, the periodic 
motion—a motion that repeats itself along the same path over and 
over again and at regular intervals of time, The proposition given 

above connects the two. Both of them occur under central forces; 
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ie. forces directed towards a fixed point, In uniform circular 
motion, the motion is along a circle under a constant force directed — 
towards its center; in S. H. M the motion is vibratory alonga 
short st Jine or a short arc under a variable force always directed 
towards a 'mean or equilibrium position. 

Definition : Projection of uniform circular motion on any diameter 
of it is simple harmonic, This is said to be a kinematical or 
geometrical definition, elucidating the peculiarities of the motion 
without however explaining the origin, 

The kinetic or physical definition provided in III-1.2 shows S.H M 
to have the followi2g characteristics :— 

(i) The motion is to.and-fro (periodic) and along a straight line. 

(ii) The force and hence the acceleration is proportional to the 
instantaneus particle-displacement from the mid-point of the motion. 

(iii) The force and acceleration are opposite in cia to the 
instantaneous particle displacement, 

(iv) At the mid-point the particle displacement is zero, so is the 
acceleration and force; but particle yelocity is a maximum, 
Conversely, at the ni Epobuls velocity vanishes while the force attains a 
maximum, 

If the acting force is Pand the displacement at an instant is x 
measured from the mid point, then the relation between them would 
be given by P= — kx where k is the constant of proportionality, 

Projection of uniform circular motion on a diameter show all 
these characteristics and hence is an S. H M. 


Proof: Refer to fig, I-5,23, As we 
have seen, (i) As P moves through Pi, 
C, P,, B, P,, D, P, back to. A, the 
projection Q moves to-and-fro successi- 
vely through. Q, Q,, O, Q,, B, Qs, O 
Q, finally back to A, So the motion of 
Q is to-and-fro along a straight line. So 
would. be that of R. New refer back to- 

Fig. 1-5.23 fig. 1-5.21, 

(ii). As the particle P moves along a circle it is subjected to the 

centripetal force mw%q along PO. This is however equivalent to 


cama TEA TES I 2s 
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componeus mo* PO cos ot and mo*.PO' sin ot along PX and PY 
respectively As X can move only along AO, the force acting on 
it is parallel to PY and hence directed towards'O, the mid-point. 
Similarly the force on Y will be found to be parallel to PX and hence: 
directed again towards O. 

The same would hold wherever on the circle, P may be. Thus. 
the force on X or Y, the projections, is always directed towards the 
mid-point. i 

(ii) Again, mo*.OP cos at = mo*.OP (OY/OP) =m". OY: 

and mo? OP sin at «mo* OP(OX/OP) = ma*.OX 

i.e. the restoring force is proportional to the displacement from the: 
mid-point. 

Thus all the characteristics of S.H.M. are shown by the projection. 
of uniform circular motion on any diameter. : 


1-510.A. Equation for particle displacement in SH M. We 
consider the motion from the moment when the rotating particle 
crosses the point C (fig. I-5.21). CD is the diameter perpendicular to 
AB. When the particle is at C, X was at O, the centre of the circle. 
We measure displacement from this point, O is the position of rest 
of the particle in S.H.M, If after a time t from the moment 
considered the rotating particle reaches P (fig. 15.21), X moves from: 
Oto X, So the particle displacement x in time t is x= OX, If OP=2. 
is the radius of the circle, then 

x=OP sin COP=a sin of (1-5.10,1) 

and y=OP cos COP=a cos ot 

If at the initial moment the rotating 
particle was at A, and we measured 
particle displacement from O, (fig. 
1-5.24) will show that 
x=0X= 0P cos AOP=a cos ot (1-5.10,2) 

Eq. 1-5,10 or .2 represents the same 
S.H.M, The difference in form lies in 
the choice of the initial. moment. If the Fig, 1-524 
motion is considered from the moment the particle crossed the 
midpoint of its path, Eq. 1-5.10.1 (the sine form) will apply. If we 


considered the motion from the moment the particle was at the end: 
15 


T" 
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ofits path, Eq. I-5.10.2, (the cosine-form) will apply, Sə we may 
use Eq. 1-5.10.1 or 1-5.10.2 according to our convenience, À 
We might, have considered the motion from any other moment, 
say, when the particle was at E (fig. 1-525). If Z EOC =e (Greek 
letter, pronounced ‘epsilon’), the figure 
would show that 
xeOXzasin(»t-e) — (15,103) 
If we took the position of E relative 
to the line OA then » EOA=e and 
x = OX= OP cos (EOA— EOP) 
=a COS (wt — €) (1-5.10.4« 
Eq.s L-5.10.1 to I-5,10.4 represent the 
same S;H.M. The difference in form is 


Fig. 15.25 


€ may be positive or negative. We shall ordinarily use Eq. 1-5-10.1 to 
represent an S, H.M, 
aiscalled the amplitude of the S.H.M, o is called its angular 
frequency. The periodic time Tis the time in which the rotating 
particle goes once round the circle. ^ This gives us 
: T=2x/o (L5 105) 
The frequency n of the S.H.M. is n- 1/T— /2x (1-5.10 6) 
L5 10B. Particle velocity in S.H.M. Suppose the constant speed 
with which the circle is being described 
is v=aw, The velocity v, of the 
particle at Pis perpendicular to OP, and 
is represented by a line segment say, PR. 
The projection of PR (- SR) is the 
velocity v of the particle in S.H.M. when 
it is at Y, From fig. 1.5.26. 
v= SR= PR cos ot 
=% COS wt=aw cosot — (1-5.10.7) 
—ao J]1—x3/53—o [,8 —x8 Fig. 1-526 
(I-5.10,8) 
Particle velocity is maximum when x=0, that is, at the midpoint of 
the motion, It is zero at the end of the swing (x= a). 


* Cos(- 6)»cos 0 


i 
f 


D 


due to the choice of the initial moment, | 
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L510C Acceleration of a particle in S.H.M. We know (See 15.2.1) 
that the acceleration of a particle moving inacircle of radius a with 
constant angular velocity o is ao*, and that the acceleration is. direc- 
ted towards the centre of the circle (fig 15.27). The projection of 
this acceleration on the diameter AB is 
the acceleration. of the parcticle moving 
simple harmonically along AB, If in 
fig. I-5,27, the line segment PQ represents 
the acceleration at P, its projection XS 
on ABis the acceleration of the parcticle 
in S.H.M when it is at Y, From fig, 1-5,27 
XS—RQ = PQ sin ot —ao* sin of, But XS 
is directed towards O and is opposite to 
the particle displacement OX. If we take Fig. 1-527 
particle displacement x as +ve, particle acceleration f is — ve for 
their directions are opposite, So, the acceleration f at X is given by 

f=—ao* sin ot = —o?x (1-5.10.9) 

Acceleration in S.H.M. is directed oppositely to the displacement, 
This means that as soon as the particle is displaced from its position 

- of rest, an acceleration (and therefore a force) acts on the particle 
which tends to bring the particle back to its position of rest, The 
acceleration is greatest when x is largest, i.e., when x—a. Tt is zero 
when x=0, ie. when the particle is at the mid-point of its motion. 
Comparing with the case of v, we find 

when x=0, v=4@ (maximum), f=0 (minimum) 
and when x—a, v=0 (minimum), f= — co? (maximum), 
the fourth characteristic of S.H.M. 

15 10D. Force ona particle in S.H.M. If m is the mass of 
the moving particle and f= o°% is its acceleration, the force 
acting on it is ‘ 


F=mf = —mo*x (I-5,10, 10) 

Clearly, the force is proportional to the displacement and is directed 

opposite to it, This is said to be a linear, restoring force. If there is 
no force, the particle will be at x= 0, the position of rest, 

L5.10E Periodic time in S.H.M. Eq, 1-,5.10.5 gave us that the 

periodic time T=2z/o. Eq. ]-5.10,9 shows 


that the magnitude of the 
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acceleration is fe o*x whence o* —f/x. Thus o= ,/7/x=square root 
of the acceleration at unit displacement, Therefore 


T —2z|o —2x| .Jf]x —2z| Jacclrn, at unit displacement, (I-5,10,11) 


This relation is very important, as we see below, 


I-5.11. Example: Simple Pendulum: A simple pendulum in 
practice is a small metal bell hung by a long light soft string from a 
rigid support (fig. I-4,28(a), When oscillating with a small amplitude 


mg 
Fig. 1-5.28(a) ; 
displacement, Below we prove that the force is proportional to 


its motion is simple harmonic, Its path may 
be taken practically straight, The motion is 
repeated at equal intervals of time given by 
T=2n Jijg (see eqn, 0.1.9.1). It starts moving. 
towards the mid-point from its maximum 
displacement position increasing its velocity 
from zero to the maximum as it crosses the 
mid-point, then gradually slows down to come 
to rest at the other end ofthe swing. This 
is half the motion, The other half is an exact 
replica, As it crosses the mid-point and slows 
down, the force acting and hence the acce- 
leration must be opposite in direction to the 


the displacement i.e. motion of the bob ofa 
simple pendulum is simple harmonic, 


Time-Period of a Simple Pendulum: In 
0.1-9.1 we found it tobe K Jijg where ‘K is 
the numerical diménsional constant, Now we 
find also the value of K 

Consider. a simple pendulum (fig. I-5 28b) 
of length / displaced through the angle 9, 
Let'm be the mass of the bob and g, the 
acceleration due to gravity. The only force 
acting vertically downwards on the bob 


is its weight mg. Resolve it into two . 


components, one along the string and the 


Fig. 1-5.28(b) 
toher perpendicular thereto, of magnitudes mg cos 0 and mg sit @ 


— 
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respectively. "8 cos 0 will be balanced by the tension T in the 
string. Tne component mg sin 6 is the unbalanced force which 
causes the bob to move towards A from its position of rest. 

If o is very small, ( less than 4?) we may take sin 9740.4. The 
distance of the bob from A will then be /8— x (say). The very small 
arc in which the bob moves is then almost a straight line. The 
force acting on the bob is then mgo = mg»|l. 

Clearly, it is a restoring force proportional to the displacement of 
the bob from its position of rest. Thus we get 

mf=-mg. xil or f=—(gll)x= —o*x 


where w= gll (I 5.11.1) 
So the motion is executed with a periodic time T, given by 
228 2a] è 
ERNE ({-5.11 2) 


The bob moves with simple harmonic motion about its position 

of rest, 
If o is not small and while measuring T, amplitude falls from 0; to 
6, then it can be shown that the corrected time period is 

T-T (1—6,0,/16) 
where T' is the observed time period. Thus we find that if 024 
. the observed time-period rises. 

The time-displace- 


1512. Time displacement graph in SHM. , 
ment graph (y vs. t) in S.H.M. can be easily obtained geometrically 


Fig. 1-529 
from the uniform circular motion of which the SH.M. is the projec- 


tion. Refer to fig 1-5.29. The circular motion is along DBECD. 


P 7 aa Du ena 

* Look up the logarithmic tables for values of sin 0 and 6, those of angles 
converted from degrees to radians. You will find values upto 4° expressed in 
tadians, identical with those of sine values till you reach sin 4° but not beyond. 


Als» see eq. 0—2.7.1. 
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The projection is taken on the vertical diameter BC. At the initial ` 
moment the particle is at D where ED is Perpendicular to BC, Divide 
the circumference into a convenient number (here 12) equal parts, 
Mark the points of division successively as 0, 1, 2. 3 etc, Starting with 

D as zero, (The mark 12 falls on D or 0) Extend the line ED to 
the right and mark along it a number of equidistant points, taking 
the first of these points (A')aszero, Number the points successively, 
(There are altogether 24 such points in the figure). 


Suppose at ż=0 the moving particle was at D (i.e. zero) and its 
motion was anticlockwise, Iis angular velocity is w=2n/T = 2gn. 
The foot of the perpendicular dropped on BC from the moving point 
describes the S.H.M. along BC, 

. From the marked points on the circumference drop perpendiculars 
on BC, As the moving particle on the circle crosses a particular 
. mark, the foot of the perpendicular drawn from this point on BC gives 
the position of the Point in S.H.M, Its displacement at the moment 
is the distance of the foot of the perpendicular from the centre A 
Of the circle, At each marked point on ED extended draw a perpen- 
dicular line, Intersect these lines by lines drawn parallel to ED 
ffom the marked points on the circle, Mark those points of inter- 
section which correspond to the same number on ED produced as on 
the circumference (such as 0, 0 Ried eee Saee 3 7, T3 
eic). Draw a smooth, continuous line through the points so marked, 
This is the time-displacement graph of the given S,H,M, The 
axis along ED produced, is the time axis, each interval on which is 
T/12, The ordinates are the Corresponding displacements, The 
amplitude is the maximum of the curve Ifr is the radius of the 
circle, the displacement is confined between the limits +r and —r. 


1-6 
ACCELERATED ROTATION 


1-61. Angular Acceleration: We now take up angular 
acceleration of a circulating particle as also of a revolving rigid body 
of finite size. You know that a rigid body is one which retains both 
its shape and size unaltered under forces however large they may be, 
It is an ideal solid, an abstraction introduced for simplicity, but the 
solids we generally use are fair approximations to rigid bodies, 

Such bodies may rotate about a point or an axis inside the body 
or outside it, Spin axis of the earth is through it while the sun taken 
asa point round which it moves, is outside it. A spinning top 
rotates about central axis through it, doors revolve about an axis 
throug) its hinges, a stone tied toa string does so about your 
finger as axis. By the term rotation, we shall understand that of a 
finite body either with uniform angular speed OF acceleration that 
may be cons'ant or variable, As we have done for linear acceleration, 
we consider here only constant angular acceleration, 

Time rate of change of an gular velocity is angular acceleration. 
When the time-interval considered, is very small it becomes iastantane- 
ous acceleration. In symbols 


Average acceleration is (B0 Se (16.1.1) 
3 j 


and instantaneous acceleration 
$e do — (1.6.12) 


«78 aecyott dt 
d d \ d*e 1-6.1. 
alár d? ( ) 


Unit of angular acceleration 
is rads/2 

Relation between Linear and 
Angular acceleration : Let a finite 
body rotate about a perpendicular 
axis through O (fig. 1-6.1,, a point 
within the body, with constant 
angular. acceleration 4. A particle Q ni vet 
in it then moves along ? circle. of 
radius r, Its linear velocity v must be tangential 10 the arc at Q. 


Co 
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In. moving.to the point P, v must change by dy in time dt, 
So its linear acceleration is 
dy d _ de, dr 
Arata eu tta 
‘Now in circular motion r is const.#. So 


= do _ -6,1 
ai L5 re (I-6, E 


-. Linear acceleration radius vector x angular : acceleration, 
The particle simultaneously experiences a normal acceleration, the 


centripetal one, of magnitude 


Og — ro? 


‘that you already know 


16.2. Rotation with Constant Angular Acceleration: The 
"simplest of accelerated angular rotation is when angular acceleration 
‘is constant, From definition we have 

«= do/dt — const, 


o 1 
or Sdo=4. fat 
Qo o 
or O9 — gg — «f or 07 ge xf (1-6.2.1) 
as the angular velocity grows from € tO o in the time-interval f. 
Again, since o = de/dt we have 
0 w t 
[d= fodt= f, gdt— 
ò 9o ò 
oe Ommot+hxt® 
Finally we may write 
40 _ dw do d» 
Vra a de ^ 


t 
«t.dt 


(1-6.2.2) 


0 w 
or f«.d0— f'o.do 
v wo 
OF «d0 = 3(w® — o5?) Otw? — o6? +240 (1-6,2.3) 
These equations are identical replicas of those for linear accelerated 
motion (equations 1-1.7.1 to 1-1.7.3) 


-  * When motion occurs along an ellipse as for a planet round the sun, a 
satellite abouta planet or an electron round the atomic nucleus, r is no longer 
constant but a variable (See fig. II-1,12 ) 
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Example. I-6.1 A wheel is rotating about its axis with an angular 
yelocily of 5 revolutions per sec. At the end of 40 secs the velocity 
drops to 4 revolutions per sec. If in the next 20 secs the angular 
velocity increases to 8 revolutions per sec find the number of revolutions 
the wheel makes during the minute, assuming that that the changes 
have been uniform 

Soiution : During the first 40 secs the average angular velocity is 
544)+2 245 rps {revolutions per second), During the next 20 secs 
it is (4+8)+2=6 tps. The total number cf revolutions executed in 
the minute is therefore, 40 x 4°5 +20 x 6 =300 

Ex 1-6.2 A wheel has a constant angular acceleration of 2 
rad/sec?. It turns through an angle of 500 radians in 5 sec. . If it 
started from rest, what was its angular velocity at the beginning 
of the 5 sec interval ? 

Solution: Let ts be the time which passed between the 
start of the motion and the beginning of the interval. At the end 
of the interval the time is (t+5) sec. In ts the wheel has 
turned through an angle 9 -34«r? ; ia (t+5) sec it turned through 
e =4a(t+5)2. Hence in the last 5sec it turned through 
8 —0 = «(10r +25). Since 9’ —0—200 and « —2, we get 1241.5 sec. 
The required angular velocity is therefore o 41:5 x2 - 95 rad[sec. 

Problem.. A body revolving with a const angular acceleration of 
5 rad/s? starts with an angular uelocity of 300 rp.m. Find the time 
before it attains 940 r.p.m. of angular velocity and also the time 
before which 120 x revolutions are completed. ‘Ans, 4x s, 8% 5) 

16.3. Angular moment on Moment ef momentum : Let a par- 


ticle of mas m move with a linear velocity y ; it will have a linear 
momentum of my in the direction 
ofy, Let theperpendicular distance V 
from the line of action of v be d uk 
(fig, 6.22). Then the product if 
dxmv is called the moment of X 
momentum or angular momen- d, 
tum of the particle about the 
point O which is 
L= mvxd fa? (b) 

or L-mvd (1-6.3.1) Fig. 1-62 
Angular momentum L is a vector quaatity like angular velocity 
and angular acceleration and a very important quantity in rotational 
motion, Like its linear counterpart angular momentum is à 
conserved quantity and hence its importance. In fig, 1-6.1. if the 


ELS 
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particle at Q is of mass m, its angular momentum about O the 
center of the circle, will be myr whe. vis the linear velocity at Q, 
Since y — or we have L=myr = mr*o (I-6,3,2), 


In both the above equations L is the magnitude of angular momentum, 
The dimension of angular momentum is therefore ML*T=1 end its 
unit gcm*s-* or kgm 5-2, 
Ex, 16.3. An electron in a hydrogen atom revolves round. the 
o 
proton once in 15 x 10-15 s along an orbit of radius 0.64, If its mass. 


is 9.1 x 10-28 g find its angular momeutum. 1 d 10-8 om 
Solution; L=mr®w = mr? 2x|T 
=9.1 x 10-28 gx (06x 10-8) cm? x 22/15 x 10-15 s 
= 1,36 x 10-27 gom® s-1 
Note: (1) In explaining the origin of line Spectra of the hydro- 
gen spectra, Bohr postulated the Possible electron orbits to be such 


that there, the angular momentum of the electron is quantised i.e. 
must be an integral multiple of h/2x where h, the Planck’s const 


which like c the velocity of light in vacuum and G, the gravitational 
Constant is another universal Constant, In this case we have L=nh/2n 
where n= 1, 253, 15... etc; 


(2) Kepler's second law of pl:netary motions (:1I- 1.15, is found: 
to be a consequence of conservation of angular momentum, 

Marvel at the scales involved ; mass of an electron of the order 
of 107?* kg that of our earth of about 10*** kg. the electron orbit 
of radius the order of 10719 m, that of earth of 1022 m yet both are: 
treated as point masses, 

1-64. Moment of a Force about a point This is defined as 
follows :— 

Moment of a force about a point is the product of the force and 
the perpendicular distance between the point and the line of action of 
the force, 

In fig 1-6 2b AD Tepresents the line of action of the force F ( = BD) 
at a perpendicular distance of OC from a Point O. Then the moment 
of F about O is 

M-Fxd ; (1-6.4.1) 

M here measures the turning effect of F about O and i; a vector. 
If O lies anywhere on AD, the line of action of F, the moment 
vanishes and F can not Produce any rotation about oO. 


| 
| 
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The product F x d ie, DBx OC represents twice the area of the 


AOBD obtained by joining the ends of the force vector to the point 
of rotation and this is the moment of F about O, 


If a number of (coplanar) forces act on the particle together, 


none of the lines of action passing through O, then the resultant 
moment about O is the algebraic sum of moments individually 


developed i.e. 


M-m,-m,-Tmg-...... OT Rxd=F, xd, +F, xd, 
È +F, Xda + me 


when R is the resultant force and d its moment arm. 


L65. A. Moment of a Force about an Axis: In fig 1-6,3 we 


consider a plane horizonital lamina rotating about a vertical axis 


AOB. Let a force P be acting along the lamina at an angle @ to the 


A A 


Fig. I-6.3 
line perpendicular to the horizontal radius vector or moment arm 
ON. Then P sin ọ is the effective force component along the 
lamina producing the rotation. Then the moment of P about Ois 
given by 
> > 

M=Psin 9.ON=Psin 0.d=Pxd (1-6.5.1) 
Note that moment of a force is a vector product of two vector: 
those of force and displacement for their magnitudes are. multiplied 


by the sine of angle between them (See. 2.12.3) The same vectors 
multiplied by the cosine of the included angle gives work, a scalar 


product (chap I-8). 
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Next we consider a heavy door hinged about a vertical axis AB 
(fig. 1-64). Experience tells us that a smaller 
force can swing the door open whea it is 
applied perpendicularly to a point closer to the 
Ting as shown than when force is applied 
closer to the axis AB, If we measure the two 
forces by a spring balance we find that to 
produce a slow uniform rotation of the door 
about the axis 

the force x distance of its point of 

application — const 

The moment arm d here also called the 
TRE Fig, 1-64 lever arm, is as above, the perpendicular 
| distance of the point of application of a perpendicular force F from 
the rotation axis AB, As above, the product Fxd is the moment 
of the force or torque above the given axis, Torque however also 
means the moment of force about a point, 


So the rotational effect of a force is measured not only by its own 
magnitude but also by that of its distance about the given axis. A force 
Produces the same turning effect when applied on a body ata certain 
distance from the rotation axis as half that force applied at double 
the distance, 


lf a force is applied along the door as shown by F at the right 
‘extreme, its line of a action passes through the axis and mo rotation 
can result for d the moment arm is Zero then, 


Inclined force: If F is applied not perpendicular to the door but 
| at an angle then the effective force becomes smaller (for F sin 6 is 
| always less than F 3 8in @<1) and so does the torque, Then we 
Hl Iesolve it in components Fa(= F cos 0) along and F,(=F sin 0) per- 
| dendicular to the plane of the door. Fs produces no turning, 
| all of which comes from F, aud the effective moment or torque 
becomes 


F,xd=Fsin@xd (1-6.5.2) 


B. Moment as a Vector. Being a cross product of two vectors, 
moment is itself a vector, acting along the axis of rotation, Observe 
that an anticlockwise rotation drives the axis along the +ve 
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direction of x-axis aad a clock-wise rotation drives the same 
along the  —»ve direction of 
x-axis, Hence conventionally, 
moments that tend to produce 
anticlockwise rotation are taken 
to be positive and those tending 
to anticlockwise motion, are 
taken to be negative (fig. I.6 5). 
Let a plane lamina hang from a 
horizontal nail at O in a wall 
| (fig. 1-6.6) and two small nails are 
| on it at A and B. with two pieces 
of string hanging from it. If you 
Fig. 
| pull that from A by a tension F;, AME 
the lamina moves anticlockwise providing a positive moment while 
| tension F, on the string form B produces a clockwise ‘motion and a 
negative moment. 

Ex L6.4. A 10 kg load hangs from a 
string wrapped round a vertical wheel 10 cm 
in diameter. Find the torque exerted about 
the axle of the wheel. 

Solution : Refer to fig 1-6.5a and imagine 
F, to be provided by the load, Then the 
torque L=F,xr=109.8 Nx0.05 m-49 
N-m, (consider r in the fig. to be horizontal 
and F,, vertical, 

Two moments or torques balance 
each other when they are equal and opposite. Forces need not be 
equal, Consider the forces F, and F, in fig 1-6.6, The axis of 
rotation at O is perpendicular to the plane of the lamina and F,, Fs 
forces in its plane, If the moment arms be respectively a and b 
about O, then there will be no rotation when F,xa=F, xbie. 
the moments be equal and -we have. seen above that they are 


opposite. f 
Ex. 1-6.5. Where would you fasten a rope on a vertical lamp-post 
gat the other end of 


so that you can overturn it most easily by pullin 


Fig. 1-6.6 


C. Equilibrium of Moments. 


the rope from the ground level ? 


E. —— ————— 
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Solution: Let OP be the pole AB(=/) the Tope, A the point of 


fastening of the Tope and B the position of 
your hand pulling with a force F, Let 
ZABO be 9 and OC the normal on AB, 

Then OC=OB sin 6 and OB=AB cos 6, 
Hence | 

OC - ABcos 9. sin ọ= 3/ sin 29 
So the moment of F about O= Fx 4/ sin 29 
For the maximum moment we have 

Sin 2021 ie, 9 = 45° 
and OA=AB sin 9 =/ sin 45*— 1/9 

So the fastening point A must be at a 
height equal to 9. 
ExI66. 42 kg wheel of radius 40 cm rests against a step half 
4s high. Find the minimum horizontal force that must be applied as 
Shown will force the wheel climb up the step. [ LILT. 76] 

Solution: Facts throu 


8h O the center of the wheel, of wbich | 
the weight acts vertically down- 


wards through the same point, 
Perpendiculars AP and AQ 
are dropped on the vertical 
radius and the line of action 
of F. 


When the moment of F 
about A exceeds that of W 
about the same Point will the 
wheel mount the step So the 
condition for minimum Fis 

Fx AQ =Wx AP 


i 
or Fx 40* 23 cm 
—72kgfx JAO*-OP* cm=2 kgfx J403—203 
| 


=2 kgfx 20 J8 cm 


<. F22 J8 kgf 
Prob. Show that the condition to be fulfilled to push a heavy 


wheel of radius R and weight W above an obstacle of height h by a 
horizontal force F though its center is 


F>W, [2hR- pi zs 


, 


wind a watch Spring or an ol d-fashioned wall clock key, use a screw- 
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driver or acork borer, spina top or operate a tap (fig 1-8. a) we 
apply a couple in each case with our fingers, A pair of bullocks 
or men turning a vertical spindle in a village oil-press apply a couple 
by a long horizontal pole. 


In fig. I-6,7 a couple is formed by a pair of forces Fand —Fas 
4hown acting at the two points A and B of an extended body, The 
— ve sign merely implies that one of the forces are opposite to the 
other in sense, ` 

Moment or torque of a couple is the algebraic sum of the 
moments of the component forces (forming the couple) about any 
point in the plane of the couple. If O be 

"such a point and OC and OD their lever arms F 

Fx OC and Fx OD are the moments of the 
‘components about O From the figure we 

find that both tend to produce rotation in 

the same sense. Hence the algebraic sum of F 
moments is F(OC4+OD)=Fxi, So the 
moment or torque of a couple is the 
product of either force and the perpendicular separation between 
their lines of action. Torque of a couple like the moment of force 
measures its ability to produce rotation. 

Axis of the couple isa line perpendicular to the plane in which 
the forces lie, When a couple acts on à freely movable body its axis 
of rotation passes though its center of gravity. The torque is +ve 
when looking to the body along its axis of rotation, it appears to be 
anticlockwise (fig I-6.5). It is —ve when rotation appears to be 
clockwise, We have indicated before, that torque is a vector along 

the direction of its axis. 


Fig. 1-6.7 


P B. Equilibrium of Couples: A force 

^h POS t acting singly cannot balance a rotation 
By SU due to a couple, To do so another 
ae C couple is necessary. Two couples would 
i be in equilibrium (Le. would not rotate 

C a body) if their couples are equal and 


Fig. I-6.8(a) opposite, In fig, 1-6,8(8) (Fa, — F1) and 


(F,, — F,' represent a pair of coplanar couples acting on the same 


eae 
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rigid body. Let the +ve forces meet at A and the — ve forces 
at B ; let the lever arm of the first couple be AO and BP that of 
the second, If now AOxF,-BPXxF, the torques will be equal, 
If further, their senses be Opposite no net rotation of the body 
would occur, 
A common balance while weighing equal masses (1-6.8b) provides | 
a simple example of balancing couples, Let the balance-arm AB 
be pivoted on a knife edge 
K at its mid-point The 
Standard mass W and the 
experimental one M hung from 
the two ends of this equal-arm 
balance are attracted by the 
earth with forces Wg and Mg 
respectively, Each of them | 
Produce equal reactions atK | 
thus producing a pair of | 
Fig. 1-6.8(b! Opposite couples, The lever | 
arms being equal the couples are equal when AB remains horizontal, 
So for that position the forces and hence the masses would be equal. | 
| 


Mg wg 


L6.7. Relation between angular momentum and torque. 

For simplicity, let us suppose that a particle of mass m is moving 
with velocity y The force on the particle is F (fig 1-6.2) both the | 
same direction, O is a point ata Perpendicular distanced from the | 
line of action of F or y. j 

The magnitude of the angular momentum of the particle about O 
is F-mvd The moment of the force F about OisM=Fxd. Now 
F=ma - mt or Ft-my, 

<. L=mvd= Fir = Mt or L/t=M (1-6 7.1) 
In words, we may say 


The time rate of change of angular momentum of a particle about à 
point is equal to the moment of the force (the torque) about the point. 


2 Z 
Mey npn om urn. (16.7.2) 


where 4 — o/t - angular acceleration of m. So we find: that a torque 
(or the moment of a force) causes augular acceleration. 


d 
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In linear motion, a force gives rise to linear momentum and linear 
acceleration, In rotational motion, a moment or torque gives rise to 
angular momentum and angular acceleration. Both linear momentum 
and angular momentum are conserved quantities, 


I-6.8. Moment of Inertia: The quantity mr? is said to be the 
moment of inertia. The term is used specifically for a finite rigid 
body rotating about a perpendicular axis through any point 
through it. Then mis the mass of a particle in it at a distance r 

ftom the axis of rotation ; since the body is made up of innumerable 
particles of masses m,, Mg, mg......etc at distances r,, ry, l'a... ...ete 
from the axis of rotation, its moment of inertia about that particular 
axis is 
I-2m,r?-4m,r,? tMg, ~ mara? = xmr'- MK? (1-6.8 2) 
where M= sm) is the mass of the whole body and K(= Jsr*), the 
radius is gyration of the body. K represents the distance from 
the axis of rotation such that with the whole body reduced to a 
particle of mass M and moving in a circle of radius K has the 
same K.E as the body itself revolving as a whole around the given 
axis, 

The equation 1-6.7.2 then can be alternatively expressed as 

Torque M=Ix 
with which you compare F=ma in linear motion, So that 7, the 
moment of inertia in rotational motion, plays the same role as m the 
mass, plays in linear motion, 

Thus the moment of inertia of a body can be defined as the ratio 
between torque and the angular 
acceleration (I— M|«) or the 
torque required to produce unit 
angular acceleration, Note that 
itisthe ratio of cause (torque) 
and effect (angular acceleration) 
just as mass (m= F/a) is, Between 
these two is a difference that Fig 1-69 
mass is constant for a body but 
its M.I, varies with the position as well as the 

16 


(16.8.2) 


direction of rotation 


" 
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axis, Further mass is a scalar, while M, T, is not, neither it is a 
vector ; it is a tensor. 

But as we have repeatedly stressed that angular velocity, angular 
momentum and torque are all vectors, They have the direction of 
the motion of the tip of a tight handed. screw when it is driven 
forward, Fig. I-6.9 shows the relation between the direction of 
fotation and all these vectors, Note that by substituting 1-6 8,1 in 
1-6.7.2 we get 

L2 Io, (I-6.8,3) 

1-69, Principle of Conservation of Angular momentsum 

In eqn 1-6.8.2, we found that torque = Moment of inertia x angular 
acceleration ie, M— J«. This relation can be put as 


d 
=] =L 1-6.9.1 
M me g) (16.9.1) 
Again, from I-6.8,3 we get angular momentum L= Jw, Hence 
= 4 (J) - dL x 1692 
M= qo) = gr 9T M.dt - dL ( Jv 


Note that M. qr is analogous to F.dr, the impulse of force in linear 
motion, Hence M d; is said to be the angular impulse or the impulse. 
momen’, Which equals the change in angular momentum of the 
rotating body, 

From the relation M=dL/dt, we may say that the external 
unbalanced | torque equals the time rate of change of angular 
momentum—a statement equivalent to Newton’s second law of 
motion, 

If this torque vanishes, dL/dt=0 ie, the angular momentum is 
Constant—the rotational analogue of Newton's First Law of motion. 
Thus if no external forque acts on a rotating body, its angular 
momentum does not change ie, is con erved, This is the Principle of 
Conservation of Angular momentum and ranks with the principles of 
conservation of linear momentum and energy as one of the most 
fundamental relations in mechanics, 

A gymnast, a dazcer Spinning on her heels, a diver all utilise this 
principle for their particular performances, Refer to fig I.5. 6(a) where 
a gymnast on a spinning platform is found to slowly bring in his 
outstretched hands carrying dumbells close to his body ; he is found 


| 


, 


"T 
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to spin faster. Fig I-6 10(a) shows the second performer, a spinning. 
ballerina, who is found to spin faster as she closes in her outstretched 


Small 1 Largel 
Large w Small o 


Fig. -I-6.10(a) 
hands; her flying pigtails indicate Sher fast spin which however 
droops as she slows down as she — 

Stretches out her hands and palms, 
Fig, 1-6,10(b) shows a diver jumping 
with his hands and feet extended 
with slower rotations; his angular 
Speed increases sharply as he*doubles 
himself up, In all these cases with 
outstretched limbs the moment :of 
inertia (T= MK?) is larger and angular 
Velocity (m) smaller. As the limbs Fig. 1-6.10(b) 

àre drawn in, the radius of gyration (K) and hence 7 diminishes ; 50 o» 
has. to increase to keep Jo constant and it does so in all these cases. 
For the diver, note that however he spins and twists, his, C.G, would 
describe a parabola, We stall return to this point in 1-7,10, 


The earth, spinning on its axis, maintains a constant angular 
Momentum, So long as its moment of inertia about the spin axis 
does not change, its angular velocity will remain constant, Hence the 
angular rotation of the earth forms a convenient basis for our time 
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measurement, If however the earth contracted to half its radius, the 
day would skorten to 6 hours only to maintain angu'ar momentum 
constant. l 
But in the course of aeons new mountains rise above the surface 
and rivers carry millions of tons of silt towards the equator, Such 
causes increase the mement of inertia of the earth slightly and reduce 
its angular speed, Tidal friction dissipates the rotational kinetic 
energy of the earth into heat and causes it to slow down, It has been 


I estimated that the earth is slowing down at the rate of 0,001 sec per 


century, The pull of the sun and the moon heaps up water under 
Ahem thus producing a bulge on the earth’s surface, thus raising K 
and so J and hence diminishing o or angular velocity and so lengthen 
the day, very very slowly. 

1610. Correspondence between linear and rotational motion 
In the previous sections we found a striking correspondence between 
relations governing rotational motion and those governing linear 
motion, These are such that any equation for linear motion can be 
converted into the corresponding equation for rotational motion by 
replacing mass (m) by moment of inertia (^, linear velocity or acce 
leration by angular velocity or acceleration, and force (+) by torque 
(T) The correspondence is set forth in the table below, 


Linear motion | Rotational motion í 
Linear displacement (s)  ... -i Angular displacement (6) 


» velocity (v) » velocity (») 


» . accerelation (f) ...- CEN » acceleration (a! 
I} i Mass (m) Po ^ ++ | Moment of Inertia (J) 
MI Linear momentum = mv ** , Angular momentum = I» 
Force (P) Torque (T) 
P=mf "t | T=Ia 
Linear kinetic energy =}my" = | Rotational kinetic energy —31o* 
Work done= Ps d + | work dones T$ 


DEMENS 
Note A point of distinction shoulc, however, be remembered. 
While the mass of a body is constant, the moment of inertia of a body 
changes with the position of the axis of rolation relative to the body. 
Corresponding to each position of the axis the body has a different | 
value of the moment of inertia, | 

L611. Newton's Laws for Rotational motion; Pushirg thé 
correspondence further, the following laws taking after Newton's 
basic laws of motion may be formulated governing rotational 
motion : . 
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First Law ; A rotating boty will continue to do so about an 
unchanging axis unless acted upon by an external unbalanced torque. 

Second Law: Time rate of change of angular momentum is 
proportional to the externally impressed unbalanced torque and takes 
place in the direction in which the torque acts, ; 4 

Third Law: To every torque applied on a body there is an equal 
and opposite torque acting on the agent. 

Discussion: The first law embodies the principles of rotational 
inertia and directional inertia as exemplified by the spinning earth, a 
top or a gyroscope. They spin without practically any external 
torque disturbing them. 

So long as men have kept records very little change in the length 
of day and night i.e. rate of spin of earth has been noticed, For very’ 
long periods travellers and sailors have found an unfailing direction 
locator in the Pole Star at night because it has never changed its 
position in the heavens, This constancy is due to the fact that the 
earth’s spin axis passes very close to the pole star, Both the observed ' 
phenomena illustrate the principles of rotational and directional 
inertia, 

Look at a spinning top. So long as it spins fast its axis remains 
unchanging in the direction, in which you had planted it on the 
ground, Only when air resistance slows it down you will observe its 
axis altering direction i.e, wobbling, technically called precessing. The 
earth is likened to a giant top or gyroscope. * 

A gyrosbope is simply a heavy disc revolving fast about a 
perpendicular axis through its center, As it has directional inertia it 
will recover direction if the axis is slightly disturbed, This property 
has been utilised in gyro-compasses to maintain steady direction by 
astronauts in spaceships and sailors anywhere in ocean liners, Its 

axis is made to point north and south in ships and planes. It also 
guides a torpedo to the target ship, by having the axis of rotation set 
towards it. 

The barrel of a rifle is so spiralled that a rifle bullet leaves it 
with fast spin, Directional inertia enables the bullet to cover 
much longer distances in a straight line than that from an ordinary 


gun, 
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Moment of inertia also referred to as rotational obstinacy which 
derives its dynamical or physical definition from the second law, is the 
most important quantity in rotational motion, Large heavy discs 
rotating about a perpendicular axis called flywheels are widely used 
in various devices in maintaining angular speeds uniform, particularly 
in face of sudden disturbances in rotating parts of machinery. 


Gyroscope (fig 1-611) consists. essentially of a balanced heavy 
wheel mounted in a gimbal ring so as to spin freely about its hori- 
zontal spin axis B,B,, 
When the disc spins 
very fast it exhibits 
“gyroscopic stability,” i.e, 
rotational obstinacy or 
resistance to change of 
direction of spin axis, 

If it is mounted in 
three gimbal rings (as 
shown) and kept spinning 
fast electrically with small 
friction at the pivots, then 
it will maintain its spin 
axis unchanged in direc- 
tion, If such a spioning 
“gyro” is placed on a 
table with its spin axis 
horizontal pointing east- 
west, it will show you that the earth rotates ; you will observe that 
after 6 hours th: axis becomes vertical, direction reverses after 12 
hrs and it com;'ete; one revolution in 24 hours, This is because, the 
angle between t*e spin axis and the vertical line changes as the 
earth rotates ; for with the spin of the earth the vertical at the 
place changes in relation to space but the gyro keeps its axis fixed 
in space, i 


In the fig. I-6,11, A, A, represents the horizontal, C,C, the ver- 
tical while B, B,, the spin axis, 


Fis, I-6.11 


1-7 
STATICS* 


1-71. Introduction : Statics deals with particles and bodies at 
rest and in equilibrium. A system of particles is a collection of 
particles that are isolated from everything else—the so called closed 
system, Bodies considered will be rigid ones i.e. collection of infinite 
number of particles of unchangeable separations as we have learnt 'in: 
the last chapter, A particle or body is said to be at rest when it has- 
no velocity linear or angular relative to its reference frame ie, its 
surroundings. They are in equilibrium if there is no acceleration ie. 
when subjected to balanced forces. 

A person in a moving car is at rest wrt. his fellow-passengers 
though he is really in motion, A hanging fan or a car in uniform 
linear motion is in equilibrium. 

Motion may be linear or rotational or à combination of both. A 
body at rest and im equilibrium must have neither. An: unbalanced 
force produces linear motion, . an unbalanced torque, à rotational 
motion in both cases accelerated. 


Remember a particle may be be rest but notin equilibrium ; € g. 2 


rising particle when it is at the top of its climb or a pendulum bob ‘at 
on but \no velocity. 


the end point of its swing—there is accelerati 
Again a body may be in equilibrium without being at rest ie. the 
above cited passenger in a car in uniform linear motion or the 
pendulum bob crossing its mean position—there is velocity but no 
acceleration in either case. 

1-7.2 Equilibrium of a body : It occurs when the resultant force 
i e, acceleration on it vanishes, It may be (i) at rest (ii) in uniform 


linear motion or (iii) rotating at a constant speed, For simplicity 
ie, coplanar, 


we consider all the forces to be in the same plane ' 

If a number of coplanar forces act upon a particle, a single 
resultant may be found ( by polygon of forces). When they act on à 
body they may add up to either à resultant force through its center 


of mass (where the entire mass may be taken ^ be m > 
NG ir of equal parallel unlike forces producing 
see sI-7,10) or to a pair of €q p E ue al 


torque. For equilibrium both must vanish. 
equilibrium of a force is very important in physics. 
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Conditions of Equilibrium : ( l) The vector sum of all the 
Forces acting on the body must vanish Then there would be no 
linear acceleration, 

(2) The toi ques about any axis within the body or without must 
be balanced ; the sum of clockwise torques must cancel out the sum 
of anticlockwise ones, This latter is also called the Principle of 
Moments, the sums taken being algebraic in this case, When this is 
fulfilled there would be no rotational acceleration, 

These are the two general conditions of equilibrium under a set of 

. coplanar forces, 

Equilibrant : It is that force or couple that nullifies the action of 
forces and torques on a body and keeps it in equilibrium, Since it is 
a single force or couple an equilibrant must oppose and equal the 
resultant of coplanar forces or couples acting on the body, 

1-7.8. Discussions on the First Condition : 

(1) Equilibrium under two forces can be obtained (in the light of 
above discussions) when they are (a) equal in magnitude (b) opposite in 
direction (coplanar) and (iii) collinear i e, acting along the same line, 

If this last condition is unfulfilled, the system of forces become a 
couple generating angular acceleration, 

(2) Equilibrium under three non-parallel forces is obtatined 
when they are coplanar and Concurrent i.e. in the same plane and the 
line of action passing through the same point, 

Since any two coplanar forces are concurrent when non-parallel, 
and form a resultant (parallelogram law), for equilibrium the third force 

must be the equilibrant i.e. 
€qual, opposite and con- 
current to that resultant. 
Refer to fig 1.7 1 (a) where 
three forces F,, F,, Fg act 
through the center of mass 
ofa body at O and are in 
equilibrium, F, and F, 
add up to a resultant 

Fig. 1-7.1 directed to the sight and 
must be nullified by F, acting at the same Point opposite in direction 
and equal in magnitude, Thus the three forces in equilibrium are 
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coplanar and concurrent. Jn fig. (b) F,, represents the resultant and 
F, the equilibrant, 


A. Triangle of Forces rule: From this discussion as well as 
fig, 1-7. 1(b, it follows that three non-parallel forces in equilibrium may 
be represented in magnitude and direction by three sides of a tringle 
taken in order. 

Thus if we lay down the vectors F,, F, and F} successively each - 
one being laid in the proper direction from the end point of the 
vector last drawn we get a closed triangle. This is the triavgle of 
forces rule, 

Example I-71. A body weighing 12 kg is suspended vertically by 
a string. Find the tension in the : 
string when the body is pulled to 
one side by a horizontal force of 
5 kg ( See fig ) 

Solution: The body is in 
equilibrium under the action of 
three forces, namely, (i) its 
weight of 12 kg acting vertically 
downward, (ii) the horizontal 
force of 5 kg, and (iij) the 
tension T in the string. Since 
the body is in equilibrium, the 
resultant of any two for.es acting 
on it must be equal and opposite 
to the third force. Heace T is 
equal and opposite to the s 
ant of the perpendicular Jorces 
(i) and (ii). Tts magnitude is 12ke wt (9) 

Ji2?4+52=13 kgf Again we O 

may consider the dotted re im 

be the resultant of T and the ; 
horizontal force, which is neu ralised by the downward d 

In (b) is shown the iriangle of forces, vectors 2 ae 
out in suceession, one starting from the end point o SO librum 

B. Lami's theorem states that when à body is held in ES. dm 
by three forces, each force is proportional to the im “gh x ^ 
between the other pair, Let a force P replace the pu^ uia an 
W, the 10 kg-wt in the above figure. Then from Lami's 


Ë shall have 


$ Ke-wt 


5 


Sin Opp Sil Ory | ti Ore 
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It follows: then sin 90* ^ sin (180*— 9) - sia (90°+ 6) 
$. 412 5 
a . m = f 
«Bing NL Ma Tag 


The theorem isa consequence of (i) Jaw of sines in trigonometry 


(fig, 1-7.1 b. In that figure we see that from the law of sines 
Fi. sin (1809—8..) «in 0.5 
F, sin(180—-8,,) zin Oss 
whence it follows that 
Fit F, : Fy=sin 9,, : sip 0,5 :$n6,, 
On ss F, ufa UR (1-7.3,1) 
Sin Ong sinó,, sing,, 

To summarise : Fora body to 5e in equilibrium under three non- 
Parallel forces, 

(a) the forces must lie in a plane, i.e., be coplanar ; 

(b) the forces must meet at a point, i.e., be concurrent ; 

(c) the force polygon must bea closed triangle, i.e., the forces 

must satisfy Lami's theorem, 

C. Yet in another Way the conditions of equilibrium proposed 
above, can be mathematically stated—that of Resolution of Forces 
and Algebraical Addition of Components, 

Confining ourselves to coplanar forces only, we resolve each force 
into components Fe and F; in convenient x and y direcions in the 
Plane, Then for equilibrium, since the resultant is to disappear, we 
must have EF,—0, and xF,- 0 (1-7.3.2) 

If T stands for the moment ofa force (jo. 
point in the plane, then Condition 2 states that 


3T=0 (1-7.3.3) 


Ex 17.2. a body Weighing 10 Ib is Suspended from a fixed point 
by a string of length 5 Ji. It is pulled aside by a force of P bb 
Wt, and remains in. equilibrium when the string is inclined at 30° to the 
vertical, Find the yalue of P and the tension T in the string. 


Solution : (a) Refer to the diagram of the first example ; replace 
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The body is in equilibrium under three concurrent forces P, T and 
10 Ib wt. Resolving vertically we get T cos 30* — 10 Ib wt=0, and 
resolving horizontally T sin 30*— P—0, So we have 
T=20/ J3 lb wt and P=7/2=10/ J8 lbs wt. 
(b Again from Lami's theorem 


v phis P _ 10 Ibs.wt 
sin 9U* sin (180°—30°) sin (90* 4-309) 
TAE 10 <. P=10 tan 30°=10/ J3 lb:-wt 


-in 309^ cos 30° 
and 7 =10/ /3/2=20/ J3 lbf 
The answers are identical, 

. Problem : In the above problem what will be the value of P, if 
in the equilibrium position, there is another force of 2.lbf acting. 
i on the body vertically upwards. i 
| ( Hint : Draw the necessary diagram We have now 4 concurrent 
| forces on the body, namely, 10 Ib wt acting vertically downward, 
2 lb wt acting vertically upward, P acting horizontally, and T acting. 
upward at an angle of 30* to the vertical, Resolve the foeces 

vertically and horizontally. The algebraic sum ofthe vertical forces 

—0, so also for the horizontal forces, Ans. P=8/ J3.lb wt.) 


Ex 17.3. An apparent trick may be applied to pull out a di'ched 
motor car. If a stout tree or pole heppenes to be near, a strong rope 
ible and pulled by a 


is bound to both of them, made as far taut poss 
man at the middle of the rope as shown in the fig. below. A rather 


small pull suffices to extricate the car. How? 


a 100 kgj force and the angle between the 


Ij it 
f the pean; Bl find the tension in the rope. 


Segments of the rope is 150° 
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Solution ; (a) Refer to the force diagram, The two components 
T cos (90—x/,) along the dotted line cancels out and the two sine 
components add up to 2 T sin :90—«/2. If P the pull exerted by 
the man just exceeds 2 T sin (90 — 4/2) the car may be pulled up, 


P>2T sin(90 —«/2)22 T cos «/2 

Larger the value of «, smaller the value of P ( for cos 4/2 there is 
small) and it can produce a tension large enough to pull the car out, 

(b) From the force diagram (90 —</2)=15° Let the tensions 
án the two segments be T, and T,, Then resolving the tensions into 
tangential (horizontal) and normal (vertical in the fig or along 
y-direction), we must have for equilibrium according to egn, 1.7.22 

ZXT,-T, cos 15*— T, cos 15°=0 (a) 

and >T,=P-(T, sin 1S°+T, sin 15°) =0 (b) 

From (a) we have T,—T,—T,—T say and 

from (b) P= 100kgf — 27 sin 15* 

de UE e LAUD 250 
2sin 15° 2x020 026 
œ200 kgf 
i} Thus the tension has been nearly doubled, 
| | Alterna:ively, apply Lami’s theorem at the Point of pull. Then 
| T {i T Ja M 
eee sin (90-+90—</2) " sin 80390472) “aia 
or drm MT di ..10 = 100 
sin 4/2 sin 4/2 sin 150° 1/2 

oF T= 200 xsin 4/2200 x sin 75*2 200 x 0 97200 kgf 


, Problem : (i) A smooth ring weighing 50 gm is suspended by a 
light, flexible string passing through it. The ends of the string are 


| 50 gm.wt. 


tied to two fixed points. Find the tension in the string if the ring 
bangs in equilibrium with the two Parts of the string inclined at 60°. 
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(Hint: In this case where the ring is smooth and the string ' 
is flexible, the tensions in the two strings are equal, and the strings 
are equally inclined to the vertical, Ans. 50 3 gmf. each ) 

(2) A body of weight 4 lb rests ona smooth plane inclined 
at an angle of 45? each the horizontal. Find the magnitude of the 
horizontal force which will keep the body in equilibrium, 

(Hint: The forces acting on the body are (i) its weight 4 Ib 
wt vertically down, (ii) force P acting horizontally and (iij) the 
reaction R of the plane normal to the plane since the plane is smooth. 


Ans. 4]b. wt.) 
Ex. 1-7.4 Show that however small a weight be hung from the mid- 
point of a string under tension, it is never horizontal. [SSQ 79} 


Solution: Consider the force diagram in Ex, I-7,3 reversed and 
replace P by a weight W. Then the downward force W must be 
balanced by 2T sin (90 —«/2). Put (90 — 4/2) equal tog. Then 

sng=W/2T ~ 

Since T œ and WO, sin 6 cannot vanish and so the string will 
not remain horizontal. 

(8) Equilibrium under any number of forces : This occurs when 
all but one of the forces add up toa resultant which is equal, opposite 
and collinear to the last one—which actually the equilibrant 
This indizates that when the force polygon is drawn including all the 
forces it must be a closed one. Note that this is merely an extension 
of the triangle of forces rule. 

Analytically, the study is simplified by (i) resolving each of the 
forces into two rectangular components along x and y' directions, 
(i) adding up all the components along each of the axes and 
(iii) equating each of the sums to zero, That is what we have 
already done in equation 1-7,3.2 We may write 


rz% 
SF, =F, cos 6, "- F, 008 0, Fs n Eat 2M 0,=0 (a) 


(17.3.4) 
ron, 
and SH F sin 6.+Fs sin 0, Fs sin e, dep ^d sin 6,=0 (b) 


This represents the vanishing of translational acceleration which 


produces linear equilibrium. 


Ec S 
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L7.4 Discussion on the Second Condition of Equilibrium : 
The mathematical expression has been provided in eqn I-7,3,3, 
In applying the condition we consider moments of the acting coplanar 
forces F,, Fy, Fg,-«F, -Fa about any arbitrary point in the same 
plane which will be 
p L,-F,xr,, La=F, XT, Da =F, Xr, 
Then for rotational equilibrium we must have 


=" 
S - LL, LRL +L, =0 (I-7.4.1) 
= 


Principle of moments. Condition of equilibrium stated above is 
also known as the princ'ple of moments and is stated as— 


When a body is in equilibrium, the sum of the anticlockwise 
moments about any point is equ | to the sum of the clockwise 
moments, about the same point, 


It therefore follows that when a number of parallel forces are in 
equilibrium we must have, 

(i) the sum of the forces in one direction is equal to the sum 
-of the forces in the oppo:ite direction s 

(ii) the sum of the anticlockwise moments about any point is 
equal to the sum of the clockwise moments about the point. 


Ex I-75. A unifo m ladder of length | and weight W rests against 
a smooth, vertical wall, being inclined at an angle @ to the wall. 
A force F applied horizontally at the ground level holds the ladder in 
Position, Discuss the equlibrium of the ladder. ( Fora smooth wall, 
the reaction on the resting ladder is normal to the wall.) 


Solution : Consider both the conditions of equlibrium, The algebraic 
sum of the vertical forces must be zero, and so also of the hor zontal 


forces. W is a vertical downward force, 
There must be an equal upward force, This 
must be the vertical component of the reaction 
of the ground, These two forces constitute an 
anticlockwise couple of moment Wx V sin 6. 

The force F and the reaction R of the wall 
are the only horizontal forces, They must be 
be equal and opposite, The moment of the 
couple they form is FI cos 9 clockwise, 

For equilibrium we must have 

3WI sin 6= FI cos 6 or F=4W tan 6. 

A more complicated but realistic problem follows, 
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Ex. 17.6. 4120 lb paintsman is climbing. up a 40 lb, 13 ft long 
ladder with its base 5 ft away fromthe base of a vertical but smooth 
wall. What must be the friction at the base that the ladder does not slip 
when the man reaches the top ? ; 

Solution : The force diagram is to the right when the man isat 
the,top, The reaction force of the smooth vertical wall is as before 


der acts at the mid 
i the wall, The wt of the lad 
hag te ey ground reaction G is along be € s 
broken up into horizontal and vertical components, 
MER " horizontal component Gr = W ( the or are aah ) 
d the vertical component Gy 
T We iuis moments about the base of the ladder and find that both 


G, and G, produce Zero moment as they pass through the base 
v 


= d J135-5*, 240 x2.54.180 x5 or W.« 835 Ibf 
Gr- W-833 bf = 834/220 40.38 
we EK = . 


Now & — tan 8 = GV No 


Soo O 
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Ex. 17.7. Two weights 10 g and 20 g hang vertically from the ends 
of a rigid horizontal bar of length 12 cm and negligible weight. Find 
where and how the rod must be supported so as to be in equilibrium, 

Solution; The student is advised to draw the diagram, Let 
P be the force producing equilibrium. Let it act at a distance x from 
the 10g weight, 

Since $?F,—0 we must have 10--20--P- 0 or p=—30 g. 
The negative sign means that Pacts in a sense opposite to that of 
the weights. 

Taking moments about the end of the bar where the 10g weight 
hangs, we have, since ST=0 10x0—30x+20x12=0 or x=8. 

P acts at a distance x 28 cm from the 10g end of the bar, 

Ex. L7.8. Two persons carry a load of 100 kg suspended from a 
rigid bar of length 5 m and of neglible weight, at a distance of 3m 
from one end. Calculate the thrust on each. See the diagram with 
Ex. I-7 12. 

Solution: Let F, be the thrust at the end of the bar more 
remote from the load and F, that at the nearer end, Then the 
resultant of F, and F, is the 100 kg force, The equilibrant of F, 
and F, is equal and opposite to the load, 

.. From >\F=0, we have F, -F, — 100-0 or F,+F,=100. 

Further, taking moments about the point of application of 
the load we have F,x3—F,x24-100x020 or 3F,=2F, 

Solving for F, and F, we have F, —40 kg and F, =60 kg, 

Ex 179 A rod 10 ft long and of negligible weight is supported 
by two strings each 1 ft from the end, It carries loads of 5, 10, 15 and 
20 Ib at distances 0, 2,4 
and 6 ft respectively from 
one end. Calculate the 
tensions in the strings. 

Solution : Let F, and 
F, be the tensions as 
Shown in the fig 

The loads and the 
, tensions form a system in 
ana, Pr equilibrium, 

“. SF=0, or 
_ Fi +F,=5+10415420=50 Ib, 

Taking moments about the left end, 

2T=0 or F,+9F,—(5x0410 x 2415x4429% 6) =0 

or — F, +9F, =200 

Solving for F, and F, we get F, = 125/4 Ib, and F, =75/4 Ib. 


———————— — D Gó 
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Ex. 17.10. Two uniform beams AB and CD each of length Lana 
mass M are hinged smoothly together at B-and a light inextensible 


string ( J2. 1)L in length is tied 
between their mid-points D and F. 
Beams stand in a vertical plane, A 
and C resting on a smoth 
horizontal plane, Find the tension 
in the string, [LLT."1] 

Solution ; Refer to the figure 
and identify the active forces. 
The beam weights act vertically 
through their mid-points, Ground 
reactions R, and R, act at 
meeting points on the plane and ) 
reactions R, at the hinges horizontally. Finally tensions T,T act 
horizontally, : 

The system being in equilibrium 2R, = 2Mg and 2R, =2T 

Taking moments about say D, we have 

R,xBM=R, xCQ 
or R,xBF sin 45°=Ri x CF cos 45° for LFBD- 90 
R, =R, and hence T=Mg (the weight of any one beam) 

Ex 1711, A uniform bar of negligible weight (AB) P paoman 
by two strings from P and Q. It carries masses of 10 a 


x 0 
p Tsing Tasin45' 


C 
e- -ecm -e -777100 


10kg 5kg 
C and D. The strings from P and'Q 


i he 
th the horizontal. Find 0, and t 
in equilibrium. LELT. 7) 


suspended as shown at points : 
make respectively 45° and@ Wil 
tensions in the string when the bar is 1 do 
d T, be the require 
Solution : Refer to the fig. above Let T, and 5, | 
tensions, Resolving them parallel to AB and also perpendicular 
thereto, we take moments about A to get 


17 
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T, sin. 45? x (44104 6)\cm=10 kgf x 6 cm+5 kgf x (64-10) cm 
or (T, J3)x 20 cm = 10 kgf x (6--8) cm 

or T, —7 5 kgf 

Similarly taking moments about B, 

T, sin-9x (641044) cm=5 kgfx 4 cm 4-10 kgf (4410) c 

se T, sin 0-8 kgf e (i) 

The rod being in eqilibrium the horizontal components cancel out, 

4T, 6050 T, cos 45*27 Jaxl/ Jd 7kgf — .- (il) 

Dividing (i) by (ii) tan 0 — 8/7 or 82«49* 

17.4.. A special application of the conditions of equilibrium : 
Resultant of parallel forces, When the forces to be added are 
parallel, the parallelogram law of addition cannot be directly applied, 
We use the general conditions of equilibrium - 
to get the resultant, A force equal and 
Opposite to the ‘resultant of two forces is 
the equilibrant which the with given forces 
form a system in equilibrium, 

A. Two like parallel forces. In Fig. 1-72 
let the forces F, and F, act along the parallel 
lines KL and MN in the same sense, Let 

3173 the line AB, perpendicular both to KL and 

‘MN, intersect them at 4 and B respectively. 

Suppose these two forces along with a third force Fg acting at 0 

keep a body in equilibrium, Then Fg is the equilibrant of Fı 
and F,, and is equal xim Opposite to their resultant R, 

Since the forces F,, F, and F, are in equilibrium, the sum of 
their components along 4B must be equal to zero, F, and F, have 
no component in this direction. Therefore Fg also will have no 
component along AB and will be perpendicular to AB. Further, 


Since the algebraic sum of the components perpendicular to AB is 
vero, we shall have 


FitF, =F, (214.0) 
Applying the second condition of equillbrium and taking moments 
about O, we have 
F1X04- F, xOB+F, x0=0 or F, xOA=F,XOB 
or 04/0B=F,/F, ye) 


STATICS 


219 


Thus rhe point O divides the line AB internally in the. inverse ratio 
of the forces. 

The resultant R of the forces F, and F, is equal and opposite 
to Fs. Hence its magnitude is R= F,+F,. It acts through O 
parallel to the forces, where O is a point dividing the distance 
between F, and F, internally into two parts inversely proportional 
to the forces, 

ExI-712 A man and a boy are to carry a 50 kg load slung 


somewhere on a uniform 4kg pole, 2m long. Where must the load be 
supported so that the man carries twice as much as the boy ? 


Solution : Let the boy carry the end A and the man, end B of 


the pole and they carry loads Wand 2W kg respectively. As the 


pole weighs 4 kg the total weight carried by the pair is (50 4-5 or) 
54 kg. Hence the boy is to support 18 kg and the man 6 kg. 

Let the required point of suspension be x m from the boy. “Then 
taking moments about the boy's shoulder at A ( misplaced in the 


fig, we have 
18.044 x AO 4 50x OP — 36x ABO 
Now AO=1m. OP-xm and AB=2m. 
4x14 50x= 36 x2 


So we have from above 


1 P is displaced 
Ex 1713. P and Q are two parallel forces If | 
through x parallel to itself then show that the resultant eee 


through, Px|(P+Q) 
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Solution: (V) Let P act at A, Q at B and their resultant P+Q 
through E, Then P/Q = BE/AE, 


Now adding 1 to each side of the 
| NGL E Lab equation 
ow P+Q_BE+EA_AB 
' xy. EA EA 
P [^] 


or EA=AB,Q\(P+Q) (a) | 
(2) P now is shifted through | 
x, say to C, so.that the resultant 


P*QO 


shifts to F, Then 
P/Q=BF/CF and rd; CF^AF-x 
Cross multiplying and re-arranging we have 
(P+ QJAF- Px - Q.AB 


_QAB+P.x b) 

AF= PFO ( 

: -QAB+P.x_QAB_ Px i 
EE PIU TI T0 yr 


The result (c) is the required displacement, 


B. Two unlike parallel forces. When the parallel iforces F, and 
F, act in opposite senses (fig. 1-7.3) an application of the above 
method shows that the resultant R 

(a) has a magnitude equal to the 
difference of the forces, i 

(b) acts in the same sense as that of TN. Ih 
the larger force and 

(c) the line of action of the resultant 
divides the distance between F, and F, 
externally in the inverse ratio of the 
respective forces, R lying nearer to the Fig. 1-73 
larger force, 


C. Any number of parallel forces, The same principle may be 
applied to find the resultant of any number of parallel forces, : The 
system of forces along with its equilibrant keeps a body in equilibrium. 
Therefore, the given forces along with their equilibrant satisfy the 
conditions zF— 0 (vector sum of forces equals zero) and 

=T=0 (anticlockwise torques equal clockwise torques) 
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From the:e the magnitude, direction and line of action of the 
equilibrant may be found out, The resultant is equal and opposite 
to the equilibrant, For coplanar forces its, point of action can be 
found out as follows s— 

Let the perpendicular distances of lines of action of such forces 
F, Fa Fg, veto from any arbitrary coplanar point A be xı, 
ža, Xp, “etc whereas that of their resultant R be z, Then 
the sum of their moments about A will be 

Fix, FoX +FgXg + ~ ete and Rg. For equilibrium 
RE=F Xi tFeXatFaXgt n 3 
LESQEFQS EF CLERI (1-7.4) 
Fi +F, +F tee ZF 

Ex L714 A bar 6 m. long and weighing 20 kg is supported at 

two knife edges, one (A) at its one end, the other (B) at a distance o 


- 2m from the other end. If a 10 kg wt is now suspended Im from 
A find the reactions on the two knife-edges 


Solution: Refer to the figure Let the required reactions at 
A and B be R, and R,. c 6 
Since the rod is in equili- 
brium, the algebraic sum of 
forces vanish, 10kg 
J) SFR PR 
—10 kgf -20 kgf=0 


or R, +R, = 30 kgf 
Taking noie about A we get, as the wi of the bar acts at its 


mid-point G 
R xog R, HABE Uem 
Dr R x04 R, x4- 10x 1-20x3 =0 
4R,=10 or R,-l7i kgf 
R,230-174- 23 kef 
Ex L715. A 50 kg beam 10 m 


distances from the respective ends. i 
i t overturning it. 

an 80 k anywhere on the beam withou 

ne vr s from respective ends be 


Solution: Let. the distance of the props irc : d 
xmeach. Its weight will act at its C.G the middle point, the ro 


being uniform 
i end 
Now whereever the man stands between a prop and its nearer 


à m. f the 
the moment of his weight will be In opposition to ue d Jed 
` Weight of the beam. Obviously ifthe beam remains UD u 


or g 


20kg 


t equal 
long rests on two props 4 1 
Find their maximum seperation if 


Sooo 
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the man at its one end, then it will also remain iso, wherever else he 
stands, Let him be at one end, distant x from the near prop, Then 
x will be maximum when 

80 kgfx x m= 40 kgfx(S—x) or 2x-5- x or x = $m 
*.' Maximum separation between the props= 10— 2x $= 6$m. 


175. Common Balance: This device well-known to you is 
essentially a lever of the first class with two equal arms and works on 
the. principle of balancing equal moments about a central knife-edge, 
produced by the weights of two scale pans and the bodies they carry, 


It consists fig. 1-7,4.) of a symmetrical rigid beam carrying three 
knife edges as shown. The beam can turn freely about C as fulcrum. 


Fig. I-74 
The fulcrum is central and has the form ofa steel knife edge (C 
turned downwards and rests on an agate plate, Scale pans (P,, Pa) 
are suspended from the upturned knife edges A and B at the ends 
of the beam, Near the fulcrum a long light pointer is attached to 
the beam at right angles to its length, It moves over a horizontal 
scale E. Two screws, (a, b) one at each end are provided with 
the beam. When the pansare empty the balance beam can be made 
horizontal with the help of these screws, The balance beam with the 
two scale pans rests on a support, when it cannot move. But when 
it is released from the support by means of a lever (L) it becomes 
free and oscillates. These oscillations are practically simple 
harmonic, though they are damped by resistance of air and other 


E 
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causes, The whole arrangement is enclosed in a glass case for 
protection against airdraughts and temperature’ yariations, The 
balance case is supported on three levelling screws. A plumb line P 
is suspended from the stand on which the balance beam rests When: 
this stands vertical, the beam itself is horizontal. 


Working Principle : Let AB fig 1-7,5, represent the balence ` 
beam and C its point of support, Let the two arms CA and CB be 
of lengths a and b and the weights of the cale pan S'and iS^" Let 
weights W and W/be placed on the pans. Then the downward force - 
(W+S) will produce 8n equal and upward force R at C, the two" 
R and (W+S) combining into an anticlockwise couple. Similarly 
the weight ( S+ W^) generates another equal and upward reaction R 
also at C, this couple being clockwise. For equilibrium the b:am AB 
would be horizontal when the resultant couple yanishes. Taking 
moments about C we than have 


(W+S)a-( WS b=0 (1-7.5.1) 
In a common balance by design a=b and S^ S^. Then 
W(2m8)- W'(- mg) or m m (1-1.5.2) 


Thus when the beam is horizontal with weights on the scale pans- 
the masses are equal. When one of them is a standard mass, the 
value of the other is equal to it. 
This is why masses are said to 
be compared by 4 common oF 
beam balance. 

Requisites of a Good balance 
are that should be (i) true (ii) 
sensitive and (iii) stable. 

It is said to b? true when equal masses placed on the scale pans 
keep the balance beam horizontal, We have just seen that (a) balance 
arms should be equal in length and (P) the scale pans equal in 


weight, to achieve that, 
It is said to be sensitive when a small difference In weights placed 


on the scale pans tilts the pointer On the scale appreciably. To 


achieve sensitivity (4) the beam should be light (b) its balance arms 


long and (c) C.G. of the beam close to the fulcrum. The time of 
swing then would be long. 


Fig. 175 
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- The balance is said to be stable when the beam returns to the 
Horizontal position (i, e, the pointer to the zerc-mark ) quickly, 
To achieve that, the C, G, of the beam should be considerably below 
the fulcrum, Note that this requirement goes against that for 
sensitivity, 

In weighing a body accurately, a correction for buoyancy of air 
(Eqn. 11-5,4.1) is necessary, 

Weighing by an Untrue Balance: As can be readily understood 
such a balance may have either (i) unequal arms or (ij) unequal 
scale pans, Jn either case Gauss’s method of double weighing is to be 
used to find the true mass of a body, 

(i) Let the unequal arm-lengths be a and b and ihe weight of 
the body W, tis placed successively on the two scale pans and 
counter-poised in both cases where the weights are W, and We. 
Then 

W. - W,b and W,a- Wb and Wab = W,W,ab 


e6OW- JWW, (12.53) 
AE WISH CS at W. 
ad jy Tw, pg 
or a/b= JW. IW, (1.7.5.4) 


. . Problem: A balance is a rigid rod free to rotate about a point 
not at its center. It is balanced by unequal weights placed in the 
pans at each end of the rod. A mass mis balanced by a mass m, on 
the right hand pan and by m, placed on the left hand pan, Show 
that m= Am,m, [ Pat. U J 

A dishonest trader using a balance with unequ.l arms will defraud 
himself if he is made to weigh half the required quantity on one pan 
and the other half on the other pan. Itcomesabout this way: let 
two masses weighing W, and W, appear to weigh the same (W) in the 
two pans respectively. Then the customer gets a weight of W, +Ws 
in place of 2W. 


s (W,+W,)-2W= WI, W?-2W 
= Wath? -2ab _ war)? 
ab x ab 


Now the beams being unequal in length, (a— b)? is always a +V° 
quantity and so the tradesman always loses by this amount 
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Ex. 17.1.6. A tradesman sells his articles with equal quantities 
weighed alternatively from the two pans of a balance with unequal. arms 
in the ratio of 1.025. Find by how much he cheats himself. ( Pat. U. ] 


Solution; Here $ =1.025= Je W, and W, being the weights 


of apparently equal masses (W) and o, b the lengths of balance arms, 
Also W, + Wa is the weight he gives out in place of 2N. 


Lop. a lab 
WE W,-2w - Wee = wee 2) 

-— 1 - 

» p(1025- 353 -2)- 996 W 
So he cheats himself by Arad da 100 2 0:039 


(ii) If the balance arms are equal in length but the scale pans are 
of different masses then from 1.7.5.1 a and b being equal, 
W,- W, = HS: 5 S,) and W= UE di W,) 


Problem : (J) A body is weighed ina balance where scale pans 


weigh differently, It weighs 10.20g in one and 10.42g in the other. 
ight of the two pans. 


Find the correct weight and difference in wel 

(Ans. 10.31g, 0.11g) ^ [ Camb ; 
W, ia the two pans 
then the difference in 


[Raj U-] 


(2) Show that when a body weighs W, and 
of unequal weights in a balance of equal arms 
the weights of the pan is (W,- Ws) 

176. Centre of gravity. Any body whatsover may be considered 
to be made up of a large number of particles, each of finite mass. 
Each particle is attracted ‘towards the 
centre of the earth by the force of 
gravity which is proportional to the 
mass of ihe particle. Owing to the 
large radius of the earth the forces of 
gravity on the particles may be taken 

_ to be parallel, The weight of a body 
thus consists of a system of parallel 
fo : 

rces (fig I-7.6) acting upon the de 


individual particles which make up 
the body, The resultant of this system of parallel forces always 


passes through a point, fixed relative to the body, whatever be the 


———— ERR 


EE 
^ À 
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orientation of the body, This point is called its centre of gravity 
(abbreviated c.g.) of the body, The weight of a body, although 
actually a system of parallel forces acting upon all parts of the body, 


can be correctly represented by a single force acting downward at the 
centre of gravity, 


Definition. The point, fixed with respect to a given body, through 
` which the resultant force of gravity on it acts, no matter how the 
body is oriented, is called the centre of gravity of the body. 


It follows from the definition of the c.g. that when a body is 
Supported at its centre of gravity, it will have no tendency to turn under 
the action of gravity alone, The position ofthe centre of gravity is 
independent of the orientation of the body, 

Centre of gravity of bodies of simple shapes can often be located 
by inspection, For a thin uniform rod the Cg. is at the centre of 
the rod, The turning moment about the centre due to the weight of 
| any particle is balanced by that ofa particle Similarly placed:on the 
. . other side of the centre (See fig. 1-7.10). Hence the total turning 
momen: of the rod about its centre is zero, The ceatre of the rod is 
therefore its centre of gravity, 

The centre of gravity of some uniform, homogeneous bodies having 
simple geometrical shapes are given below : 


j Body ` Position of centre of gravity 
i Circular lamina 3 Centre of circle, 
Annular disc Centre of the annulus, 
Triangular lamina Point of intersection of the medians. 
Rectangular lamina Point of intersection of the diagonals, 
Sphere Geometrical centre, 
Spherical shell Geometrical centre, 
Cylinder Midpoint of the axis. 
Cone On the axis at a distance=! x height above 
the base, 


A. Experimental determination of centre of gravity. 

(i) When a body is suspended by a cord SP froma point P on 
the body (fig 1-7.7a), it will come to equilibrium when the 
tension T in the cord is equal and opposite to the weight. W of 
the body, The line of the string, therefore, passes through the 


TATIC: 
S S 2 


C.G. of the body, Bya plumb line this direction PQ may be 
S 


marked on the body, The body is then 1 
suspended from any other point P^ on 
it (Fig. I-7.7b) and the same procedure 
followed. Since PQ and PQ” pass 
through the centre of gravity, their 
point of intersection C gives the position 
of the c.g. 

(ii) The above fact suggests that the (a) 
centre of gravity may be found by w 1 W 
balancing the body ona knife-edge, and geh 
finding the intersection of two lines 
on the body along which it will balance, 

Further facts about centre of gravity. The centre of gravity of a 
body does not necessarily lie on or within the body. An annular ring. 
provides a simple example of the centre of gravity lying outside the 
body, When a sitting stool is suspended from different points in the 
manner described above, its centre-'of gravity will be-found to lie 
within the space between the legs. 


A set of bricks placed as shown on a horizontal plane will stand or | 
fall according as the vertical line through 


1 Fig. „1-7.7 


E í 
Lr the centre of gravity meets the plane 
yes. within, or outside, the base. In the 
i latter case the reaction of the table 


cannot pass through the centre of gravity 
(fig. 1-7.8) and constitutes along with. 


Fig. 1-7.8 
the body. 


the weight a couple tending to overturn. 

B. Analytical ‘method of 
determining the centre of 
gravity. Let a system of 
particles lying in a plane 
have masses m, m: m, and 
respective weights W, Wa *'"Wn 
(fig. 179) Let OX and OY 
be two fixed straight lines in 


the plane at right angles to each 
other, Let the distances of the particles from OX be y, Yarn. 


Fig, 1-7.9 
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and from OY, x 


1» ¥a,°"*% Then the distance of the Centre of gravity 
C from OX is 


= Mis FW Vet. y. EWY 1-761 
, Wi HW, F.i. Wa W 7,6.) 
and its distance from OY is 


_WiX,+w.x, +...Wax, Xwx 1-7.6.2): 
= BERET Berra pra et i "1, 
" DET E W (o 


acting at the centre of gravity from a system of forces in equilibrium, 


moments about the line CY when it is Vertical, 
(oi dw, + we) y-Wy, TW. aee Wn. 
Similarly, taking moments about OY when it is vertical, 
(wi +w, +... n)Z - W,x, Wax, Hei Wa Xn. 
Now, w=mg and W= Mg, where w stands for the weight of any 
| particle, m for its mass, W for the total weight of the particles and 


M for the total mass, As g is the same for all Particles, g cancels out 
and above equations become 


go Tut and pony, 


(I-7.6.3) 


Tn three dimensions Coordinates (5 J» z) of the centre of gravity of 
a body (or a System of Particles) are given by the relations 


3. IUE pom, lign. (1.64) 


Here M is the total mass, m the mass of a constituent particle and 
X,Y, z its position Coordinates, the summation extending over all the 
| Particles, For a homogeneous body (ie. one of constant density 
| throughout), the summation may be replaced'by integrals, If dm is 
| the mass of an elementary volume of the body and 5, , z its 
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C. Properties and Significance of the Center of Gravity :— 

(1) C.G. of a body is unique. A body can have only one C.G. 
which can be proved indirectly, The resultant weight of a body acts 
through its C.G. Were two C.G.s possible for a body then its 
weight W would act along the line joining them whatever be the 
angular position of the body, But that is impossible, for W always 
acts vertically downwards, So no body can have move than 
one C.G, 

(2) A body is in equilibrium when supported at its C,G. As the 
weight of a body acts through 
its C.G,, a body supported at 
that point has its weight and 
the reaction of the support 
equal and opposite and colli- 
near; hence it will neither 
move nor rotate. Thus it will 
be in equilibrium, Hence C.G. Fig. I-7.10 
is also called the balancing point. Supported at its C.G., a body of 
regular geometrical shape as listed in the foregoing table will remain 
horizontal ; this is the principle of equality of masses by a common 
balance, 

C.G. of a regular body can then be experimentally located 
by finding the point of support for which it remains horizontal 
(fig. I-7.10) 

(3) A body freely suspended at a point has that point collinear 
with its C.G, This is the property we have already utilised in 
locating the C.G. of a lamina, 

(4) C.G. of a body may lie outside it as we have already seen as 
for an annular disc or a spherical shell, 

(5) Itis the C.G. of a projectile that describes a parabola when 
it is an extended body. The other points of the body may execute 
any other type of motion e.g. twisting and. turning. Refer to 
fig. I-6.10 (b), the case ofa plunging diver doing exactly that, but 
his C.G. describes a parabola, 

(6) Mass of an extended body may be taken to be concentrated 
as a particle at its C. G. without altering the system of forces on 


the body. 


P 


wwwww w www W 
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(7) The nature of equilibrium of a body depends solely on the 
Position of its C, G, and that of the line of the line of action of its 


_ weight in relation to its base as we shall presently see, 


Note that the center of gravity of a body is an effect of the 
gravity-field of the earth and hus no meaning in gravity-fiee spice, 
There the role of C.G, is taken up by another, the center of mass, 
we di:cuss in :1-7.10, 


Ex. I-7.17. Three particles of masses Ig, 4g and 5g are placed 
4t the vertices of an equilateral triangle of side 10 cm, Find the 
distance of the C. G. of th: system from the 1g particle. [L I T. 70] 

Solution ; Let the vertices of the triangle be A (18) B (4g) and C 


(5g. Let the arm AB be the x-axis 

yi sa . 

M of a co-ordinate system with A as the 
origin 0, 0); B then would be at 

C(5,5v3) (10, 0) and Cat 5, 5 /8 Let x, y be 

the co-ordinates of the C.G, Then 

from eqn I-7,6,1 


z= WixX, TW.X. TWaXs 
W; TW, Ws 
_ 1x0-4x104- 5x5 
Tx x la 14445 
—1x044x045x 58 
10 
= 45 J8 = 4.32 cm. 
-. Co-ordinates of the C, G. of the system are 6,50 and 5.32 cm. 
.", Its distance from A (0, 0) is 
J(x-0)* (y 0) = (6:50) 4.32 — 7.81 cm. 


59 


p^ 


10cm 


ee ee 


=6,5cm, 


and y 


Problem: Three particles of masses lg, 2g and 4g are placed 5 
A (1, 2, 3) B(0, 0, 0) and C (2, 4, 6) in three dimensions find t 
co-ordinates of its C.G. E 
[ Hint: Use eqn 1-7.6.4] (Ans. 9,95 %) 


Ex. 1-7.18 A uniform circular lamina of radius R has a hole 
punched out of it such that their two centers are at a separation 0. 
dcm. Find the C. G. of the perforated lamina. 


Solution : The C. G. of the lamina as a whole, is at its center er 
Let the C. G., of the material of the punched circular hole be at - 
and that of the remaining portion be at C,. Clearly C, will lie on 

line through C, and C,. Let the punched out material weigh Wig 
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and the remainder of the lamina weigh W,. Then taking moments 

‘about C, we have 

W, xC,C,- W,C.Cs 

or C,Cs -C,C, WIW: . 

Ifo bethe mass of the material for unit 
area then 
W, —-x(R* —r*)c and W, ="r°o nnus 
te CCa - [P/(R* 7] x CCa e 
Problem: A uniform circular plate ‘of 

diameter 56 cm has a circular portion of 

diameter 28 cm removed form one of its 

edges. Find the C. G, cf its remaining portion, LILT. '80 ] 

Ex 17.19. A uniform square plate of side 24 cm has one corner 
of it removed "along the line joining the mid-points of its adjacent 
sides, Find the C. G. of the remaining portion. 

Let ABCD represent the square plate of which the 
portion EBF has been removed, Let the 
C. Gs of the original plate, the removed 
portion and the remainder be at G,, G, and 
G; respectively, Let G,G, be r which we 
are to find. The mass of unit area is constant, 
tbe plate being uniform. 

G, by symmetry lies at the intersection of 
the two diagonals AC and BD. If BM 
represents a median of ABEF we know that 

` BG,=% BM. To locate the position of Gs 

we proceed as follows ; the weight of the plate asa whole acts 
downwards through G, and that of the removed portion be imagined to 
act upwards! through G, ; their resultant acting through some point 
on G,G, produced must give the weight of the remainder of the 

plate, Thus C. G, shifts to G, along MD towards D. 

From the figure BG, — 12 /2 cm and G,M - BG, =6 J3 cm 

Again MG, —$ BM-32,M-2 J3 cm 

240818, G,M+MG,= 16 Ja+2 J2=8 J3 cm 

Area of ABCD =(24,%=576 cm*, 

Area of BEF = 3EF.BM = 1.12 J3.6 J8-772 cm? 

Taking moments about G, we have 

(24x 24)r= (8 Jàt)72 

where L.H.S is proportional to the clockwise moment of the 

weight of ABCD acting through G, and the R, H. S, proportional to 


Solution * 
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the anticlockwise moment about G, of the force acting upwards 
through G,. 
AN PS 


Problem : A table has a circular table 
top of mass 20 kg and radius 1m, 
Four light 1m long legs are fixed at 
A,B,C,D. Find (i) the max load that 
may be put and (ii) the area of the top 
over which it may be put with ut toppling 
the table ? 

(dns: 483 kg ; 2m3), 

1-7.8 A. Stable, unstable and neutral equilibrium. The 
behaviour of a body when slightly displaced from its position of rest; 
depends upon the position of its cg. 

A body is said to be in stable equilibrium if, when slightly 
displaced, it tends to fall back to its original position. Equilibrium 


Fig. I-7.11 


is stable when the displacement raises the c.g. A cone standing 0D 

its base (fig. 1-7.16a), a cube resting on a face (fig. 1.7.11 I) a weight 

suspended by a string, a ball lying in a spherical cup (fig, 1-7.122), à 

chair or table standing on its legs etc, are examples of stable 
equilibrium, i 

A body is said to be in unstable equilibrium if, when slightly 

displaced, it tends towards further displacement. Equilibrium 18 

: unstable when the displace- 

ment lowers the c.g, A chait 

balanced on two legs, a cube 

balanced on an edge, a cone 

@) Fig 17.12 (5 bzlanced on its vertex (fig. 


+ (711 IIT), an egg balanced with its long axis vertical, a ball on the 
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top of a sphere (fig. I-7,12b) etc, are examples of unstable 
equilibrium, 

A body is said tobe in neutral equilibrium if, when slightly 
displaced, it remains in its new position, Equilibrium is neutral when 
the displacement neither raises nor lowers the c.g. A sphere resting 
on a horizontal surface (fig. I-7,11 IT) a pencil, a cylinder or a cone 
resting on their respective sides etc., are examples, 


B. Statical Equilibrium and Potential Energy, Stability is 
intimately connected with the gravitational potential energy, Bodies 
tend to aquire the lowest possible potential energy when left to itself. 
Refer to fig, I-7,16, When the cone is tilted on its base, its C.G. 
rises and hence aquires additional potential energy. Left to itself it 
wil tend to minimise that and hence stable equilibrium is assosciated 
with minimum potential energy. When the cone stands on its vertex 
(fig. I-7,11 IT) the C,G is at its maximum height from the base, 
it is top-heavy and hence has maximum P.E. When tilted, its 
C.G, is lowered and as it tends to lower itself further, the cone 
overturns and falls on its side. When a body has its C.G. at the 
highest possible position it is unstable for it has then maximum PE, 
A neutral equilibrium occurs (as for the 
sphere) when‘on a little tilting the C.G. is 
neither lowered nor raised and so. P.E. 
remains unchanged. We return to this 
matter in 51-8 9, ) 

Further examples: (1) lt is very 
dificult to balance a walking stick 
on your finger (fig. 17.13) because it is 
top heavy. When vertical its weight acts 
through its C.G, on your finger and is 
neutralised by the re-action of your finger. Fig, 1-79: 
If your finger gets even slightly disturbed 
the two forces no longer remain collinear bsg 
to topple the stick over, It exemplifies unstable inal ae 

(2) The music-doll for kids shown in fig. 11.14 is on the aad 
hand an example of stable equilibrium. Children fiad it very amusing 
that. whenever the doll is laid on its side and let go, it will rise UP 


18 


and form a couple tending 
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immediately and after a few oscillations tinkling all the time, become 
* vertical, 


V Fig. I-7.14 

The mechanism is very simple, The lower part of the doll is 
(M. filled with lead or any other heavy material so as to lower its C,G, as 
- far as possible, Also it is given such a shape with its upper patt 
very light, that when the doll is laid on its side, the C,G, gets raised. 
So, as soon as it is let go, the C.G, goes dowa and the doll sits up. 

WM v (3) To achieve stable equilibrium, floating bodies like common or 
Nicholson's hydrometers or floating test-tubes (for De la Rive's float- 
'ing battery) are loaded with lead or mercury at the bottom ; so also 

are boats, ships and ocean liners, with cargo-holds at bottom, 


à E79 Toppling ofabody A body will topple unless the vertical 

"i line through its c.g, passes through the base on which it is supported. 
Try piling up bricks one above the 

|l other fig. 1-7.8), but slightly displaced 

‘|||’ toone side, Soon the pile will topple, 

||. This occurs when the vertical line 
|> through the cg. of the pile moves 
| Outside the base offered by the lowest ; 

P. brick, Place-à cylinder with its axis 
vertical on a table, and gradually tilt 
thé! fable. The cylinder will topple as 
soon as the vertical line through its ag. : 
moves ont of the base (fig; 1.7.15) Verden 


The stability of'a. body depends on) how far it may be tilted 
Without toppling, . Greater stability is obtained by. keeping the c.g. low i l 


1 


i: 
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and making the base large. This is an important point to remember 
in the design of structures, _ i ix me 
Extra passengers are, not allowed on the upper deck of double-. ff 
decker buses. If they are allowed, the c.g. will rise, and the risk rs al 
the bus toppling over, increases. Racing cars are built with low 
chassis for the same reason, G 
Limit of stability : As you have seen above, the law of stability 
states thata bod) acquires a stable equilibrium if the ‘vertical line 
through its C.G. falls within the base offered by the body. 
We discuss the matter with a cone. In fig. 1-7.16 (a) tre cone 
is tilted slightly, Its weight W and reaction by the table R no longer — 
act along the same line and forms a restoring anticlockwise couple, 


the equilibrium, being stable, As tilt increases the line of action ow 
jae RETURNS i EU 
i i UPSETS | 
! 1 
i 
U i | 
í 7 

: d | 
: D ! iy 
(a) i < ana (b) (9 " 

Fig. 1-7.16 ., didi 


p 


shifts till in the (b) R and W are collinear, equal and opposite. This 
is the condition of limiting equilibrium. - Further tilt takes the line _ 
of action of W beyond the base and with R it forms a toppling AE. 1 


wise couple and the cone is upset. ' i e d 
Base size and Stabilit;: You must then realise that broader the - 


base of a body greater is its limit of stability. Hence the bfoader base — (i 
of. modern. double-decker buses, Stability ofa four-wheeler even à 
three wheeler. is therefore greater than a bicycle. With a heavy load 
on your head it is better to plant your feet apart. Yon tilt to the left 
when carrying a load with your right hand ; for with the load the 
combined C.G. of the load and yourself has shifted and, you must 
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ensure that the Vertical through this shifted C.G passes through the 
ground in between your feet, If you carry equal heavy loads from 


your two hands the CG lowers but does not Shift and you can walk 
erect, 


Quadrupeds standing on four legs cover a larger base than bipeds 
like a man and hence enjoy greater stability ; so it is easier to topple 
a man than, say a cow. A human child crawls on all fours ; a 
toddler just learning to walk Prefers crawling to walking, for he has 
more stability on all fours, A human has to learn to walk, to develop 
Teflexes to keep stable whereas a quadruped can walk very soon after 
birth for its limit of stability is more, 


Ex 1230. A solid cone of radius r and height h and semivertical 
? angle « stands on a rough incline, 
Find the maximum angle of inclina- 
tion for Stability. 

Solution: The limit of stability 
is achieved when the vertical through 
the C, G, of the cone Passes through 
an end point of the base, Refer to 
the adjecant fig. drawn when 6 is the 
angle of minimum inclination, 

Now tan «— th 

and tan ¢= tan / OGB— OB/OG 
For a solid cone OG=łh 

`. tan @=4r/h = 4 tan Kisii 
Problem : What isthe maximum 
ABCD that can stand on a rough 
? The base is 8 cm in dia, 

i (Ans, 8 J8 cm) 

I-7.10.A. Centre of mass. The term centre of Bravity will have 
. nO Significance in free Space, ie., in a gravity free space, But centre 
. of mass has a Significance under all circumstances, 


height of a uniform solid cylinder 
incline of 30° without toppling over 


into the air it will rotate smoothly 
Out in free space it will spin about? 
Wo points coincide when & is the same 
all over the body, Physically, we may say that the centre of 
mass Of a rigid body is the Point such that if the line of 
i through this Point, it will ‘prodcue 


E. o e Mim memes 
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only translational motion of the body, but cause no rotations The 
existence of such a point ; i ip 3 
may be easily tested. Place a 
book on à smooth horizontal 
table and apply a push with 
a pencil point (fig. 1-7.17 ). 
In general it will move and 
rotate ats the same time. 
But when the line of action 
passes through the geometeri- 
cal midpoint C of the 
body, it will move without 
rotation, 

It is easy to understand how a rigid body may both move and 
turn when a.force is applied to it, Fig 1-7.18 
shows a body to which a force F is applied.. 
Mis its centre of mass, Consider. two equal 
and opposite forces P, and P, each equal to 
F, to be applied at M. These two forces do 
not affect the motion of the body in any way ; 
the three forces are ‘equal to’ the single force F. 

A F and P, form a couple which. causes the 

Fig. I-7.18 body to rotate about an axis through M, while 
P, acting at the C.M. causes linear motion. The linear acceleration 
in the direction of F will be P,[m- Film where m is the mass of . 
the body. 

Motion of C.M. In all problems of trsanslational motion of a rigid 
body, its entire mass may be taken to be concentrated at its center of 
mass ie, motion of a body is the motion of its C.M. In fig, 1-6.10 
(b) we have already seen that when a diver jumps from a spring 

! "This statement may setve-as the definition of centre of mass for a beginner. 
erent lines as follows ; the centre of mass 


A rigorous definition is givenjon diff 
of a body~or a system of particles is that point with respect to wich the vectcr 
(If rg is the vector distance of the i th 


sum of the mass moments vanishes. 
particle of mass m; from the centre of mass, then xm; r;=0 the summation 
extending over all the particles. Myg fe is the vector mass moment of the 


particle.) , 4 8:8 


` Fig 1-7.17 


Pa JF 
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board, regardless of how he twists and turns his center of mass 
describes a parabola, In fig. 1-7.19 is shown a small club thrown 
spinning about a horizontal 
axis through its C.M, from 
one performer to another, 


projectile-fashion ; it des- 
cribes a parabola as a 
particle’ similarly thrown, 
would. In both the cases 
itis really the C.G, that 
describes the parabola 
but in the field of gravity 

Fig. 1-7.19 the C.G, coincides with 
the C.M, This is however not always the case, 


Internal’ forces acting on a system of particles or inside-a body 

can change neither the. velocity nor the total momentum ofthe 
''System or the body because 
of Newton's thirdlaw, Hence 
itis that, if a shell in flight 
suddenly explodes in mid-air, 
the fragments may fly. off in 


different directions. but its a 
C.M. will continue to move 

|, On as if nothing has happened, . 

|| ‘The gunchell might have fin 


been moving along a parabola 

| «Ora straight line (fig. I-7.20). Fig. 1-720 

| Importance of the concept. The idea of C.M. is'more fundamental 

than that of C.G.: -For just as weight has no meaning in gravity-free 

"space but mass has, similarly far out in space, say a space-probe 
ike the Pioneer or the Voyager, has no C.G, but still has a C.M. 


“For astronomical bodies» the. center of mass is then the only 
li "i ingful concept. It greatly ‘simplifies problems, The motion 
|. ofa star or a galaxy, so immeasurably vast, may be treated as 


Í ly E 


Ih * % 
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SE E - 7 - 


STATICS , NN 


though. it-were a particle with the entive mass at its C,M, On or s 
outside the earth, its concept is more universal than. that of CG. ; 
e.g, whenever we apply Newton’s law F=ma, we really talk about — jj 
the acceleration of the C.M. of a body. i 


B Difference between Centré of Gravity and Centre of Mass . 
i a E 
C.G. C, M. 

1. Itis the point through 1, It issuch a point in the | » @ 
which the resultant force of body that if a force acts throug 
gravity passes, whatever the this point, it causes only transla- F, 
position of the body. - tion but no rotation of the body. s 

2. If g does not vary over the body, the two points are 
the same. : | 

3. In the absence of any 3, Has its own significance "7 
force of gravity, c.g. has no under all circumstances. f 


meaning, say far out in space. 


The second point aboye needs elaboration. (1). In discussing a 


diver or.a gun shell fired as à projectile above we have taken the C.G. 


to coincide with the C.M. Thet will bold so long asvalue of g 
does not vary over their paths ; it will not be so far an JCEM fired” , 


from one continent to another far aboye the range of observation (2) ` 


Again if a body is Very large the forces of gravity acting on particles 
near. opposite ends no longer remain parallel and its C M, and its 
C.G. cannot coincide (3) for a very tall structure, such as, the massif 
of Everest soaring upto 8848 metres in the sky, these two points do 


not coincide for the g value is substantially less at the top than at its , 


base, pulling the C.G. below the C.M. To fix our ideas, let, the mass 


of the massif be replaced by 2 uniform cylinder when its C.M. will 


be at the mid-point but the C.G. lower down for the lower part of the 
ter of the earth, is pulled more than 


cylinder being closer to the. ceni 
its upper part. We had already told you that the two points do not © 


always coincide. : 
Ex 17.20. Find the position of the C.M. of a 40 cm long open- 

mouthed inde half filled wi ih water, The can has a diameter of 10 

cm and made of 4 material of surface-density 10 glem’. : 
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Solution : When empty the C.G, is at R, 20 cm above the base 
The total weight of the empty can is xr? d g 2xh.d.g. 


i i4. Again, the weight of water in the can = z,9?.20.1,g. 

The C.M, of this water is at Q, 10 cm. aboye 
the base and that of the base is at P, its center, 
Let the C,M. of the system be at a height H 
from P, 

Taking mass moments about P, of the mass of 
of the curved surface of the can, that of water and 
that of the can with water, we get 

PR x2ar h d.g 4-xr*h/x 1x gxPQ 

) = ar* dg H--2nih.d.g H+ xr* hg. H 

or, 20x2,5,40,10-1-25.20 x 10 

= H(25.10 4-2,5,40 4- 25.20) 
H= 11,3 em, 


C. CM. of a Pair of particles. In astronomy it is often necessary 
to locate the C.M. of a pair of celestial bodies like the binary stars or 
a planet-satellite system ; for they hurtle thre ugh space as a unit while 
rotating about their centre of mass, The earth-moon pair is a case 


c fü Point, On the other end of the scale, in a hydrogen atom the 
.  Proton-electron pair does the same, (In refining Bohr’s theory of 
_ . hydrogen spectrum this point had to be taken into account), We 
deduce below that the C.M. lies along the line joining the ‘wo 
particles and divides the line in the inverse ratio of their masses. 

 Leta pair of particles of mass M and m at distances x, and x, 
"from an arbitrary origin O (fig, 


= > 


X zT 


aE rae ar 


Ss 


L7.21) be acted upon by pu SEM pr 
parallel forces proportional to Lock Saag? n Bo ARNT E 
their masses, The C.M. is the DENUEESOET em ad 
point(C) where the resultant Fig. I-7.21 


of these two forces cut the line joining the two points, Clearly the 
resultant would be proportional to K(M+m) and act at a distance x 
from O, . Then taking mass moments about O we have 
KMx, + Kmx, = K(M+m)x 
or, x= (Mx, +mx,)/(M+m) (1.7.10.1) 
( Compare the co-ordinates of a point dividing a st. line in a given 
ratio. ) \ 
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Again taking moments about C we find 
KMxr,=Kmxr, or, (Mj/m)=(rglr,) (1-7.10.2) 
ie, C.M. divides the line in the inverse ratio of the particle 
masses, 


Ex. I-7.21. The earth is 80 times as massive as the moon and the 
separation between their centers is 60 times the radius of the earth, 
Find the distance of the C.M, of the earth-moon system from the 
centre of the earth taking the radius of the earth as 4000 miles, 


Solution: :Let r be the required distance and m the lunar mass, 
Then from 1-7,10.2 
80m xremx(4000—r) or 12«3080 miles 
ie, the point lies within the i 
earth and describes: what we 
call the orbit of the earth. 


Fig, I-7,22 shows a model 
ofa smoothly rotating pair of 
unequal masses M) and m about 
avertical pin P passing through 
the cents of mass. E b ibus i 
system, If P passes throug -7. 
any other point there will be wobbling. M and m may be thought to 


represent the earth and the moon respectively. 
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L8. Work. The term 'woik' in our everyday language means 
some kind of labour, physical or mental, producing a result, In 
scientific language the term is used in a special sense, Work is said 
to be done when the point of application of a force applied on a body | 
moves in or against the direction of the force. 


Work, so defined, involves two quantities, viz., (i) a force and 
(ii) a distance in the direction of the force, When a man pushes a 
cart “On a level road or lifts a load from the floor, he not only 
exerts a force, but exerts it through a distance in the direction of the 
force. Under these conditions he is said to do work, Whea, 
however, he supports a bucketful of water in his hand without 
moving it, he exerts aforce but does not exert it through any 
distance in the direction of the force, Whatever mus:ular fat'gue 


ki n Fig. I-8.1 
he may feel in the act of holding the bucket, he does no work 
in the technical sense of the term, Neither is he doing work 9? 
a stone which he is whirling at the end of a string ( why not ? ) 

` The amount of work (W) done is measured by the product of the 
force (F) and the distance (s) through which the point of applicatio? 
of the force moves in the direction of the force, In symbols, 

W-FS. (18.1.0 
or Work= Force x Distance. 

, . When the directions of the force and displacement are not the 
. same (Fig, I-8.1) the component of the force in the direction (x) 9 
isplacement is F cos 9, where 6 is the angle beween the two. Since 


earth, 


y 
Hi 
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F coso is the effective. part of the force in the direction of displace- 
- ment, the work done is given by 
LN W= F cos 0x sc Fs cos O=FS. 1-8.12) 

or Work = Effective force x distance 

1 Alternatively, we may resolve s into components s cos 0 and s'sii 0 
nthe direction of F and perpendicular thereto, The displacement 
of Fin its own direction is s c05 0 ; hence the work done by itis Fs 
' cosg. Fora displacement s sin 9 no work is done by F. (Why not 1) 


"A You get an example of application of Eq. 1-8.1.2 when a body 


- «moves down an inclined plane under gravity, “The force of gravity 


"and the motion it produces are not in the same direction. 


If no. displacement occurs when 2 force 


LA. ‘No-work forces + 
work is done, 


“acts or displacement is at right angles to the force, no 
For ‘in the first case s is Zero in the second. So is C056. When a load 


“is hanging from a support or a book is resting on a table no work 


js done, for the point of application of the force is not being 


"displaced. A man in a moving lift does no work on the brief case 


he carries: nor a man walking ona level road with the same; 


“in the first, relative position of the case with the man is not 


. changing, in the latter, the motion is at right angles to the pull of the 


-If we continue’ pushing à wall or supporta heavy load for a 


long time we do no work, yet may feel tired and spent as if we have 
done much, Why is it sof When we push repeatedly against a 
contractions 


wall, various muscles move. to apply small impulses; € 
and expansions of muscles thus repeatedly occur leading to their 
ct to the 


being tired out. K 
Q. Aman rowing à boat upstream is at rest with respe ; 

i shore. Is he doing any work ? : [ 8.8.0 J 
Ans. Yes, A force is said to do work when it moves its point 
is a lever ; its 


of application in its own direction. Here the oari 1 
fulcrum is in the water ; the joad is where it 15 attached to the oat 
an pulls it. As 


and the effort is applied at the end where the oarsm 
the man pulls the oar, the point of, application of the force moves 


lin the direction of the force. So wofk is done. 


Situation with respect to the shore is immaterial, 


a 
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A similar problem arises for a man swimming upstream. but 
failing to advance. He also is doing work, Had he not exerted, 
he would have been carried downstream by a distance which may be 
taken as his displacement ; because, the force of his effort keeps 
him. stationary. with respect to the bank. He applies force on the 
water by thrashing his hand and feet because of which thereis 
relative motion between the swimmer and the flowing water, Again, 
the position w, r, t, the bank is immaterial, 


Problem: . Two springs S, and S, have their force constants (ie. 
force required to stretch them by. unit length) as k, and k,. On 
which is more work done when they are stretched (i) through the 
same length (i) by the same force ? [ Ans. (i) S, (ii) Sa] 

Cases however arise when a force works and a displacement 

occurs but no work is done of which we have already seen examples, 
If a body slides over a Srictionless surface uniformly no work is done, 
for both its weight and the normal reaction are at right angles to the 
Plane.” Again, a centripetal force is a no-work force for the same 


reason, force and motion being normal to each other, cos @ in 
1-8, 1,2 vanishes, 


B. Path-Integral of a force :' In the most general case, the force 
may be variable both In magni- 
tude and direction while the 
path may be. curved (fig. 1-82). 
Then the work done. as the 
particle moves from A to B is the. 
Fig, L&2 sum of small finite amounts 
F, cot 0,.8x,, F, cos 0,.0X,, Fg cos 053x,. etc 
ie. W=SsW=F, cos 6, 8x, +F, 00s 0, 8x,, Fs COSO Xg + 


RF, COS Oy. 8%_ = S Fn COS Oy By (18.1.3) 


If the distances become infinitely small and so indefinitely 
numerous then the above relation becomes 


B 
My We [E cos à. dx s auie 
k. | 


f 
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Thus work becomes the path integral of force as it is integrated over 
the entire. path covered. Recall that, impulse is the time integral © 
of force. : 

C. (i) Work done by a system of force : When a number of forces 
act on a body together and displaces it, then the work done is the 
algebraical sum of the individual work contributions, This is equal 
to the work done by the resultant of all such forces. 

Work is a scalar: Though force (F) and displacement (S) are 
both vectors, work is not, itis a scalar. Whatever the.direction of 
Fand s, so long.as the quantity Fs cos 0 remains unchanged, W 
remains the same, Work done, is thus independent of direction, 

Work is a scalar product of two vectors, force and displacement 
for their magnitudes are multiplied by the cosine of the included 
angle, Refer to eqn I-2,12.2, Later we shall see power, the time 
tate of doing work, is also a scalar product of two vectors fore(F; ' 
and velocity (y). f 


(ii) Work done ‘by’, ‘on’ or ‘against’. When a body A exerts 
aforce Fon another body B making it move through a distance 
in the direction of F, we say that 

(i) A (the agent which applies the force) does work on B. 


(ii) Work is done by A or the force Fon B. e 
(iii) When an agent moves a body against an Opp ing force, 


work is said to be done against the opposing force, Thus when a 
man lifts a load from the floor, he does work on the load against 
gravity, When a body falls under gravity, work is done by PT 
Whenever work is done, it is done against à resistance, In lifting 
à weight, work is done against gravity. In pulling ron bid 
tough surface, work is done against friction. When an unbalance 
force accelerates a body, it does work against the force of inertia. 
Such work is said to be positive work, When the point of application 
force moves in the direction of force i.e. motion and force are in the 
same sense, the work done is said to be negative he displacement 
(iii) Graphical Representation ol, Work t uhr dre it, the 
produced by a force be plotted against the force eerie ’ st as 
principle of area under the curve gives us the work done (F.s; Ju kw 
the distance covered by a moving particle is the area under the curv 


ie ————— E 


"e 
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ona velocity-time graph (fig. I-1.14). Here we however plot the 
component of the force in the direction of displacement, In fig, 1-8 3, 


Fig. 1-83 
‘hires cases are shown, work done by (i) a constant force, (ii) force 
proportional to displacemant (as in. SHM or elastic deformation 
and (iii) a variable force. 

. 182A Work done in rotation Leta force F (fig. 1-$.4) tura 
a disc about an axis while acting at a distance r from the axis, ¢g 4 
TOpe, wound round the body and 
the force applied at one end of the 
rope. Ifthe bod; is turned through 
6 radians by the action of the force, 
the point of application of the force 
_ moyes through a distanec s= r9, the 
; length of the rope unwound, Hence - 
` the work done is 7 : 

SOFAS ° ( 8.2.1) 

"But Fr is the moment of the force about the axis of rotation, 
which is its torque (T). 9 is the angular displacement (in radians). 
(5. Work = torque x angular displacement = To (18.22) 
Jt follows thea, that when a torque ( due to a couple ) rotates, 


^a shaft, as in an engine, the work done in a given time is 


equal to the product of the torque and the angular rotation of the "E 
shaft in radians, If T is the torque due to the couple (i.e. the 
moment of the couple) and n the number of revolulion undergone i" 
the shaft, then the work done is 

W-T2x; A codd E 


— 


. B represent the points where your fingers press 


» 
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Problem: Find the work done if 3 turns are necessary in 
unscrewing a rusted heavy nut by a 10cm wrench at the end of. 
which the force is to be applied. (Ans. 1 883) 

B. Work done by a couple: A pair of equal and unlike ` 
parallel forces acting at two different points ofa finite body forma ~ 
couple and a couple produces rotation, Its ability'to produce rotation 
increases with the torque or the moment of the force, given by the 
product of one of the forces and the perpendicular distance between 
the lines of action of the two forces, You know these already. 

Note: Torque is a vector, fora rotation has direction, clockwise 
or anti-clockwise. It is measured by the product F xd (Eqn 1-6.4.2). 
Work is also measured by ‘the product F. d. Numerically torque and 
work are the same but physically completely different. The former is 
a vector product of the two vectors ; it has a sense of rotation and 
also the vector magnitudes multiplied by the sine of the included 


angle (Equations 1-64.2 and I-2.12.3). d in torque is the component of 


distance measured. perpendicular to. the force; in work, d is the 
component of displacement parallel to the force, 

Suppose you want. to open a water tap you 
place your two fingers near the two ends of tlie 
upper crosspiece and press them equally in 
opposite. directions ; the T-piece rotates and 
water begins to flow. This illustrates howa 
couple — produces rotation (fig. 1-8.5a). Fig. 
1-8.5(b) shows the: relevant plan: where A ‘and 


with equaland uglike forces Fs and F, and 
rotate the taphead. through an angle 9 to the 
displaced pombe. AB fe, AERE the BE 
moment of the couple- T) is F x1. Then the 


j llows : 
work d ces about the axis are as fo 
MET | F, at A=F,xate AA 


=F, xOAX8 J 
and Fy at B= F, x are BB 


aa m 


= 
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| or, work done by a :coup'e=moment of the couple x angular 
li displacement, Note that, the work done is independent of the position 
|. of rotation axis, If the moment of the couple happenes to be not 
| along the rotation axis but inclined to it at an angle $ then the work 
i done will be 7 cos 4,6. 

1-83. Units of Work : 

The unit of work involves the units of force and distance, Force 
| may be expressed in absolute or gravitational units, Besides, there 
f are. the metric and the British systems, All these lead to a number 
| of units of work, which however should not have been. the case, 
| The more important of these units are listed below, 


Dimensions of work is ML T-? xL=ML*T-2 


VD Unit of | Unit of Corresponding unit 
id distance of work 
UJ MKS abolute  Ynewton x 1 metre 
(SI) = 1 newton-metre or 


1 joule (symbol J) 

1 kg-wtx1 metre 

=1 kg-m 

1 dyne x 1 cm 

=l1 erg 

1 gm-wtx1 cm 

= 1 gram-centimetre 
u (g-cm) 

I poundal x 1 ft 

71 ft-poundal 

1 lb-wtx 1 ft=1 foot- 

pound (ít. ]b) 


(cameo 
, A. definition in words May be easily provided for each unit of 
work. The erg is the work done when the point of application of 
a force of one dyne moves through a disiance of one centimetre in 
the direction of the force, 1 
The Joule is the work done when the point of application of a 
“force Of 1 newton moves through 1 metre in the direction of force. 


» SBravitational 


(2) CGS absolute 


-— 


» Bravitational 


(3) FPS absolute 


` „ gravitational Ib-wt 


bs 
T. 
| or Ibf 


" 
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The joule is the practical unit of work in the cgs system, and is 
equal to 147 ergs. But in the mks system or in SI units it is the 
absolute unit of work, 

1 joule— 10" ergs. (1-8.3.1) 

What is ‘a kilogram-metre' or ‘a ton-foot’? The former is the 
work done when a weight of one kilogram is lifted through one metre 
against gravity. When a mass m is moved vertically through a 
distance h, the force of gravity on it is mg and the displacement in the 
direction of the force, h Hence the work W=mgh, is done by 
gravity when the body falls, but against gravity when the body is 
lifted, mgh will be the work in absolute units, and mh the same in 
gravitational units, 

[ Note: In defining all gravitational units the idea gains ground 
that here work is done only in raising or lowering weights vertically, 
The impression is incomplete, A kg-meter is the work done when a 
force of 1 kgf ie. 1 kg-weight (ie, a force generating on acceleration 
of 9.8 m/s? on one kg) acting in any direction moves its point of 
application by 1 m in the direction of motion, Similarly a force of 
1 Ib, which produces on a mass of 1 shig» an acceleration of 32 ft/s*, 
moves it through 1 ft, the work done is ft-lb. ] 

Conversion of units. We have seen before that the newton may 
be replaced by its equivalent kg m/s®, the dyne by 8 cm/s” and the 
poundal by lb ft/s?. In converting a unit of work from one system 
(of units) to another, we sball find this very useful, A few examples 
are given below. ` 

1 joule= 1 newton x 1 metre = 1 kg m/.% x 1m =1 kg m*/s* 

—1000 gx(100 cm)*/s* — 107 g cm?/s* 210" erg. l 

The equivalent of the joule is kg m*/s* ; and of the erg, the n 
valent is g cm?/s*. The foot-poundal = 1 poundal x 1 fte 1 Ib, T 
x1ft-11bft*/s*, The absolute units of work in any dos : 
units is thus formed by the quantity (unit mass) x (unit length) + 
unit time)? —ML*?T- *. ; 
( à EE now try some conversions, remembering that if the 


: d. 
quantities are not in absolute units, they must first be so converte 
labia AA ae 


), Ib to-day is the unit of force which was 


O-1.6 
* As has been nored earlier ( § ! of mass formerly called a pound. 


formerly called Ib-wt or lbf Slug is now the unit 
19 
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To convert the ft lb into joules. 
1 ft, lb=1 Ib-wtx 1 ft=32'2 poundals x 1 ft 
= 32:2 Ib ft*/s* = x kg m*/s? (say). 
yl stb (ECAP ; . 
Then x=322x > x —) 2322x0:4536 x (0'3048)* =1 356 J, 
[N.B. This also shows how the unit symbols are treated as 
algebraic quantities, ] 
Example. I-81. A man weighing 150 b ascends a flight of 36 
-steps each 8 inches high. What is the work he does against gravity t 


Solution : Work done: 150 Ib-wt x ri ft = 3600 ft, Ib. 


Ex.18.2. A force of 1 megadyne (—106 dynes) acts on a 
body weighing t kg, Find in joules the work done in 2 seconds, 
Solution: To calculate the work done we require the distance 
over which the force acts, 
force _ 108 dyn 9s cm/s* 


The acceleration of the mass = —— 
. mass  1000g 


.”. The distance traversed in 2s=} at*—1 x 10° x 4 cm. 
;. The work done —force x distance = 109 dyn x2 x 10° cm. 
—2x 10? erg —200 J. 
Ex. 183. How much *work was done by the sun in raising water 
vapour so as to form a cloud which on reaching the earth from one 
mile high produces a water pool 3" deep over a square mile 7 Pat. U.] 


Solution: Volume of water in the pool - 1 sq. mile x 4 in 
—(5280;? x sq, ft nts ft 


x12 
Mass of that water Vp = (5280)* Ibs 
p 2x12 qu ftx 62.5 7 
Work done in raising this mass of water through one mile 
5280)* 
= h = = (5280)* 3 
(mg)h = Wh = 557: X 62.5 1b: x 5280 ft 
5280)? x 6 
b See X623 ft-lbs = 3,8 x 1011 ft-lbs, 


Ex 184. Show that in raising an extended body vertically 
through a distance, the work done is the product of its weight an 
vertical rise of its C.G. 

Solution: A body is made up of a very large number of pariicles 
of weights w,, w,, wg...etc and in raising the body let them rise 


through h,, h,, hg...etc. Clearly the total weight W-$w. 
n=l 
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We take the Z-axis of a reference frame in the vertical dir<ction 
Let the vertical co-ordinates of the points initially and finally be Z 
9 95 1» 
Za, Z „and Z,, Zas Zz..etc, In raising the particles the total 
work will be wih. +weh,+Wghgt+..ctC=SWaln Now the initial 
and final positions of the C.G. will be by eqa. I-7.6,4 
Z=SWn7,/W and Z — SWZ nW 
Thus the, vertical displacement of the C.G. will be 
h=Z -Z= EWilZ a Za [W= Walin W 
<. Total work= Wh = E WpZn 
Here the body must be raised with uniform velocity for the result 
to hold. 
Problem: 8 stone cubes (0-2.5 gcc) each of side 10 cm lie 


scattered on ground, Fiad the Work necessary in making a pile 
placing one neatly above the other ( Ans, 58,6) 


[ Hint : Total height 80 cm, Height of C.G, 40 cm, Height of 
C.G, of first cube 5 cm ] 

1-8.4. Power. When work is done, its amount is not the only 
item of importance. The time in which the work is done is also of 
great importance, Suppose a 100 gallon tank is to be filled by drawing 
water from a well, 50 ft deep. 100 gallons of water weigh 1000 Ib. 
Hence the work to be done in drawing it from the well will be 
1000 x 50 250,000 ft. Ib, If the work is done by manual labour à 
stronger man will be able to do it faster than a weaker one. 
The former would then have done more work per unit time than 
the latter, If a motor-driven pump were employed, a more 
powerful motor would complete the job in a shorter time than a less 
powerful motor. The former does more work per unit time than the 


latter, 
The time rate of doing work is called power, 


done per unit time. 


i.e, power is the work 


Power = Work |, Force x Distance = Force x Velocity. (1-8.4.1) 
Time Time E 
e. P=Fv =F cos 0v oF F.v Cos 0 (1-8.4.2) 


i.e, power is a scalar product of two vectors force and velocity. 
When a person does work his sense of fatigue is determined more 
by the rate at which he does the work than by the total work done, 
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Suppose a boy Weighing 120 Ib 
him 15 ft above the ground, 
15 x 120 = 1800 ft, Ib, When 
he feels little fatigue, 
feel much more fatigued, 
i.e., power, is 5 times great 


In the latter case his Tate of doing work 
er than that in the former case, 

Two railway trains of the same weight move at 30 mph ard 50 
mph respectively, 1f the friction of the rails and the resistance dye 


to air are the same for both, the latter does more work than 
the former, because it moves a gre 


ed by a machine may be constant, or it may 
fluctuate, In the latter case we shall be concerned with the average 
power, 


Units of power — Watt and Horse 
Work combined with a suitable unit of time will provide a unit of 
power, Two practical units of power are, however, very widely | 
used, They are (i) the watt and (| | 


ii) the horse-power, | 

When one joule of work is done per second, the power is one watt | 
(symbol W), A power of one thousand watts is a kilowatt (KW). | 
In other words, when 1000 joules of work are done per second, the | 
Power is one kilowatt. Electri; Machines are rated in watts and 


kilowatts, In mks Units the watt is the absolute unit of power ; ia 
cgs units it is the practical unit, The watt is the SI unit of power, - 
1W=1J /s. 


A million watts is a megawatt (MW). 


"power. Any of the units of | 


T, 33000 ft, 1b per minute) the power 
mes Watt initiated this unit, 
To express the horse-power in Watts, 
1 horse-power = 550 foot-pounds/second 
=550 x 1,356 joules/second = 746 J/s 
=746 W (watts), (18.44) 
A hp is thus approximately $ kW, 


9 WEE 
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Some units of power and their cnnversion factors are summarised 
in the table below : 


] waite joule |, ergs 
second ^ second 
ft. Ib -o ft. Ib 
2550 ———-— — =0: ^ 
1 hpz55 iem 33000 746 watts= 0:746 kW (1-8.4.4) 


1 kW 1000 watts = 1:34 hp. 
1 ft. Ib per second — 1:356 watts, 


The kilowatt and the horse-power have given rise to two more 
units of work—the kilowatt-hour and the horse-power hour. The 
kilowatt-hour is the work done when power is used at the rate of one 
kilowatt over a period of one hour, This is the unit on which the 
cost of electricity is based. It is also known as the B, O, T. (Board 
of Trade) unit. 

Similarly, the horse-power-hour is the work done when power is 
used at the rate of one horse-power over a period of one hour ó 

Ex. 1-8.5. 4 1000 gallon tank at a height of 60 ft above the water 
level has to be filled with water. If a motor pump rated at $ hp is 
used to do the work, find the time required to fill the tank. (Given, 1 
gallon of water weighs 10 Ib). 

Solution ; Weight of 1000 gallons of water = 10000 Ib. 

"the total work to be done = 10000 x 60 ft, Ib. 
The motor has a powere» hp, i.e., it can do 550/2 ft. lb of work 


in 1 sec, 


60 ft. Ib 
The time required to fill tae tank = Ox 


1000 x E s=36 min 22 sec (approximately). 


i is being raised from a well up to à height of 
deed pee E If the efficiency of the pump 


25 or pump. A 
be p jupe po will be raised per mininute ? 
(1 gallon of water weighs 10 Ib, g= 32.2 ft/sec”). [H.S. 79] 

Hint: From the wording of the question it appears that 
‘efficiency’ here means 85% of the rated power 


lifting water. ] 


(5 hp) is available for 


Ex 186. A tractor can exert a horizontal force of 1000 kg. and 


travel at 5m[s. Find its power in killowats. 
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Solution : The work done by the tractor in 1 s= 1000 
= 1000 x 9.8 newton X 1 metre, 


*..— The work done in 1 s=9800 newton-metres = 9800 joules 
<. Its power 9800 J/sz 9800 W=9.8 kW, 


kg-wt x 5n, 


It is measured by the amount of Work the body can do. Energy and 
Work are essentially the same kind of quantity, and are measured 
in the same units. We might characterise energy as latent work, 
Various attempts have been made to define energy— 
Energy —the 8o of things (Maxwell) 
—is a measure of Price of mass in motion, 
—is that which is Changed from one form to another when 
work is done, 
A man or a horse can do Work ; so he Possesses energy, Steam 


them move, It possesses what we call electrical energy, Magnets 
possess maghetic energy. Heat of steam makes locomotives move. - 
Heat is a form of energy, Radio Waves, light and X-rays are also 


ee 
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forms of energy, An important form of energy is the chemical energy, 
as is possessed by coal, When coal burns it combines with oxygen 
releasing chemical energy in the form of heat, 

In recent times man has harnessed a vast source of energy, It is 
derived from the conversion of matter into energy under the action 
of nuclear forces in the atom, and is called atomic energy. The atom 
bomb the hydrogen bomb and the atomic reactor are devices for 
the release of atomic energy. This form of energy provides the 
sun and the stars with their apparently inexhaustible supply of 
energy. 


In mechanics, we are however interested in what we call 
mechanical energy. The definition of energy we gave at the begin- 
ning of this section, strictly relates to mechanical energy. In.the 
wider sense, energy is that which can bring about any change in 
matter. A body may possess mechanical enerey due to either one 
or both of the following two causes, viz, (i) by virtue of its motion, 
and (ii) by virtue of its position ot configuration, The. former is 
called kinetic energy and the latter, potential energy. 

18.6. Kinetic energy of a body is defined as the energy it 
possesses because of its motion, Itis measured by the amount of 
work a moving body can do-against an opposing force before it comes 
to rest A moving hammer possesses kinetic energy, which enables 
it to do work in driving a nail into a wall against the resistance. It 
cannot however do so, if left in contact with the nail. 

A. Translation. To obtain an expression for the kinetic energy 
ofa body of mass m moving with velocity v, we impress on the 
body a force F which opposes the motion and finally brings it to 
rest, The acceleration (or rather the 'deceleration) produced by the 
force is —a= — F/m. If the body moves through a distance s before 
it comes to rest, then from the relation that 

(final velocity)* — (initial velocity)* 
= 2 x acceleration x distance 

we have 0? —,? = —2a4s oF y2=2(F/m)s or Fs= mv. 

Now Fs is the work done by the moving body against the opposing 
Hence this is also the magnitude of its 


force before coming to rest, p 
the latter expression gives the kinetic 


kinetic energy. Since Fs 3mv?, 


D 


_—————————— E 
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energy of the moving body in terms of known quantities, Note that 
it does not depend on the opposing force F, 
Kinetic energy =} mass x (velocity )* 
K=} m’ (1-8,6,1) 
Work-Energy theorem. It is easy to see that if a force F acting 


through a distance s changes the velocity of a body from y to» 
then 


Fs = jm(v* —u*) = K-K,- AK (1-8.6 2) 
or work done by the force = change in kinetic energy, 
for Vm(v* — u*) = 1m 2as 2 ma S= Fs, 


force is zero and by Newton's First law there Will be uniform motion. 
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of the equation its consequent rise in kinetic energy. Informations 
available from the above equation are 

(i) Work done on a body by a net applied force raises its K.E, 

(i) If we put the above relation in the form  Fs- FS 
+4m(v°—u*), then the first term of the r.h.s gives the work done 
against the opposing force, Thus (a) a part of the applied force 
overcomes the oposition and (b) the remaining part increases the K.E, 
of the body, With F=0, say ona smooth (were it possible) table, 
the applied force itself becomes the net force and the entire work it 
does, becomes the K.E of the moving body. 

(iii) Work done or energy spent in overcoming opposition is said 
to be dissipated, mostly into heat sometimes into light or sound, The 
factor or agent producing this change (friction, viscosity, electrical 
resistance) is called the dissipative factor or agent, 

(iv) If F=0, then àm(y? —u?) = —F^S which suggests that v&u 
i.e. K.E. decreases as the distance is described, due to the work done 
by the body against the opposing force. This is what happenes when 
you switch off the engine of your moving car and it decelerates, The 
K.E. that disappears is converted into heat. 

B. Kinetic Energy of Rotation : Since motion may be rotational 
also and it requires a couple to generate rotation, a rotating body also 
possesses kinetic energy. This energy would, by analogy, be 31o* 
where J is the moment of inertia (analogous to m, the mass) and o, 
the angular velocity ( analogous to v the linear velocity ). 

C K.E due to explosion: When an explosion occurs or a 
nuclear disintegration, the two fragments may move in opposite 
directions ; the larger mass is said to recoil Itis similar to firing 
a bullet or a shell from a rifle or a gun If the respective masses be 
mand M and velocities v and V we have 

K.E. of Smaller mass _ $ ml my LY M. lm (I-3.6.1) 

K.E. of Larger mass “im MVV y m M 
since moment m» and MV must be equal, So for an explosion, the 
smaller fragment has a larger K.E, though the momenta of two frag- 
ments are equal, This conclusion has been arrived at before (See 
Example I-3,), K.E. varies inversely as the mass as for collisions or 


explosions, 
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If K be the total energy of the two fragments from 1-8 6.1 
Km jq Mau Mm K 
Et-Le 


m Ky 
` mK . MK 
ST. dE Win and Ky, CIEN (18.62) 


D. Momentum and kinetic Energy : 
body is my and its kinetic energy is imy?, 
raged a controversy as to which represen 
body, Among others, Hooke, Newton him 
these giant mathematicians engaged in the debate till D'Alembert 
solved it, He pointed out that bo; represent the accumulated effects 
of force but their significances are quite different 3 as we have shown 
above and else where that bodies with Same momenta may haye 
different kinetic energies, 


If p( =my) represents the linear momentum then kinetic energy is 


Kim eg CO” = agp) 


Momentum of a moving 
For a long time there 
ts the force of a moving 
self, Descartes, Leibnitz, 


(I-8.6.3) 
Further, momentum involving v must be a vector, while kinetic 
energy (i.e, latent work) involving v? is a scalar quantity, 
Again, for a rotating body angular momen 
its kinetic energy K= &L*/I by analogy, 
Ex. 18.7 A body of mass 10 kg moves wih a velocity of 
lO'metres per second. Find its kinetic energy in ergs and’ joules, 
Solution: 10 kg= 10,000 £ ; 10 m/s=1000 cm/s, 


s 
K.E.=}4 x104 g (a0 stx 1010 EA e. 


tum Z Jo and hence 


0 
=1%x 1010 ergs= 3 x 1 1 X 10* joules = 500 joules, 


To get the work in absolute units of the cgs system the mass must 
be in grams and the velocy in cm/s, The values in the problem are 


in mks units, So kinetic energy 23x 10° kgx (10 m/s)*=500 kg 
m?*/s? = 500 J 


Ex. 1-8.8. A bullet wei 
from a gun weighing 20 Ib. 
and the gun. 

Solution: K.E. of the bullet=4 x tis 1b x (1200 ft/s) 

= $x 1200 x 1200 Ib, fi2/s# 


ghing 4 oz is fired with a speed of 1200 ft/s 
. Calculate the kinetic energies of the shot 


=18 x 10* ft, poundals, 


im. | 


I o c EM hot $ 
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To calculate the K. E. of the gun we must know its velocity, This 
can be found from the principle of conservation of momentum ; 
Now momentum of the shot= fy 10X 1200 ft/s =300 1b ft/s. 


the velocity of the gun ae = AU md $ 215 ft/s 
+, K. E. of the gun- x20 1b. x 15 fus)" 
= 10 x 225 Ib ft” /s* = 2250 ft. poundals. 

[ Note that the kinetic energies are not equal, but are in the 
inverse ratio of the masses. ] 

I-8.7. Potential energy is the energy which a body possesses by 
virtue of its position relative to the surroundings, its condition, or 
configuration (i.e, the relative position of its parts). It is measured’ 
by the work the body can do in passing from the given position, 
condition or configuration, to some standard position, condition oF 
configuration, Potential energy is always measured by the difference 
from the standard position. The P.E. in the standard position is always 
taken as zero. We can never find the absolute value of the potential” 
energy. The choice of the standary position is arbitrary. 

A Potential Energy due to Position: Let 8 body of mass 
m be raised to a height h above the ground. Tn falling it can pull 
another body up vla a pulley. The work it can do, is given by the 

d height above the ground ( generally taken 


product of its weight an À 
as the standard position). This is the measure of its gravitational 


potential energy. s 
Gravitational potential energy = (F. d)=mgh. 
t be determined. 


Absolute value of potential energy canno 


Consider the above case, A body raised to a height h above the 


ground level has 8 potential energy mgh, if it can come back to the 


ground level. If the body was on a table of height h', its potential 


energy relative to the table top would have been mg ( h-h ) So the 
value of the gravitational potential energy depends on which level we 


take as the level of zero energy. Now, the choice of this zero energy 
rary, that is, we choose it according to our convenience. 
Any value of potential energy, that we derive depends on our choice | 
of the zero level of potential energy, which is arbitrary. If the zero 
level is altered, the value will alter by some constant amount. 


o 


. 


level is arbit 
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Potential energy of all kinds is always measured with respect to 
some standard configuration, We never know what the potential | 
energy is in the standard configuration, Hence we Say potential 
energy is undefined to the extent of an arbitrary additive constant, 
This constant is the potential energy in the standard configuration, 
We never know this quantity, In measuring P.E, what we measure is 
the change in potential energy.» 

The arbitrary additive constant can be introduced mathematically 
as below, Let the body of mass m be displaced vertically through 
a distance dh, Then the total work done can be found by integrating | 
the quantity mg.dh. f 

-. Work done =Potential Energy = /^mg.dh — mgh-4-C (1-8.7.2) 
where C is the constant of integration, It is the work done when _ 


; . : $ | 
4=0, i.e., the potential energy in the standard configuration, We 
cannot measure it, 


B. Potential energy of strain, due to change in condition or 
configuration. 

(1) Compressed air can drive machinery, It possesses energy by ; 
virtue of its.condition of being compressed, The standard condition. 
is generally that under normal atmospheric pressure, The work that 
the compressed air can do in expanding to a pressure of one atmos- 
phere is a measure of its potential energy, 

In compressing air, the pump draws air from a large vessel of ait 
at normal atmospheric pressure, Since at normal atmospheric 
pressure air molecules do not move as a mass it is taken to be the 
standard configuration, But bringing them together to this condition 
must have required some unmeasured work which is the P.E. at 
the standard condition, the arbitrary constant, i 

(2) The main spring of a clock, when wound, drives the hands 
of the clock, It acquires potential energy in winding which changes 
the relative position of the different portions of the spring Asit 
unwinds the spring loses energy, ultimately coming to rest, Then its 
P.E, is taken to be zero and it is said to be in its standard configura- 
tion. But work must have been done when shaping a metal strip into 

'* When we measure temperature by a thermometer we measure likewise the 
temperature difference, 


C 
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the spring but we never consider that, This is the P.E, at the 
standard configuration and we do not know it, the arbitrary additive 
const, 

18.8. Relation between the work done and the potential energy 
of a system. Take a body of mass m at rest on the surface of the earth 
The potential energy of the system consisting of the body and the 
earth in this condition is arbitrarily taken to be zero, When an agent 
raises the body to a height h, the work done by him against gravity 
(i.e., against the force operating between the bodies comprising the 
system) is mgh. The potential energy of the system is also mgh now: 

If, on the other hand, the body fell from the height h to the 
surface of the earth, the work done by gravity, i.e., force operating 
between the bodies comprising the system, is mgh, its loss of potential 
energy. We therefore find that 

(i) When work is done by the forces operating between the bodies 
comprising a system, the potential energy of the system diminishes. 
exactly by the amount of work done, while 

(i) the potential energy of a system increases when cn external 
agent does work on it (ie, against the forces operating within the 
system), the increase of energy being equal to the work done. 

The result applies to gravitational, electric and magnetic cases, 
dissipative forces of the nature of friction being neglected» 

Effect of Altering the Base Plane; The effect is shown in 
fig, 1-8.6. With reference to the base plane, m at A has a- ve P.E. of 
mgh, and —ve potential energy of A bU 
mgh,, when at C, If the base plane is 
shifted to C, then P.E. of m at A will 


become mg h, +h,). hy 
Heights of mountains are measured " MOMS. dd 
from the mean sea-level arbitrarily E20 


taken to be at zero level. (Water 

level of the Caspian Sea in Rusia d $4. he 

feet below and that of the Dead Sea in | TIR 
Palestine 1291 feet below this vei! getters qiu Eps mor 
Everest rises 29,028ft above Sea-Level Fig 1-86 

while the greatest oceanic depth known till now, the Challenger Deep 
in the Pacific Ocean is 34,178 ft below the level. If height were 
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measured from there, Everst becomes 63,206 ft high ! So change of 
base level would alter the measure of optential energy. 

I-89, Potential Energy and Equilibrium. Since energy of ap 
agent is its capacity for doing work and potential energy of a body or 
( system) is the work stored up in it, every system tends to attain 
the condition of minimum potential energy, We have discussed 
above (L7.8) the nature of different cases of equilibrium, Here 
we pre:ent the explanation of their behaviour, 

The behaviour of bodies in different types of equilibrium are 
governed by the change in P.E, they undergo, when slightly disturbed, 
When the potential energy of a body is minimum and it is slightly 
disturbed its C.G rises and so P.E, increases. The body then tends to 
reduce P.E, and thus to return to equilibrium, So the equilibrium 
is stable, If P.E, is high the body tends to reduce it and so the 
equilibrium becomes unstable, If however, change of position of the 
body does not change the position of its C.G. and hence of its PE, 
the equilibrium becomes neutral, 

A ball in equilibrium beside a deep hole rolls down if slightly 
pushed because of change of base plane has given io it more than 
minimum P.E, which it had, while lying on the grouad. 


I8.9. Conservation of Mechanical energy : Mechanical potential - 
energy as you know are of two types, kinetic and potential and one 
changes continuously to another when falling or rising whether in 4 
vertica! line or an incline or a curved trajectory. In absence of 
friction their sum total always remains constant, This will be verified 
in some simple cases, 

Note: Potential energy is possible in other forms eg. chemical 
potential energy in electric cells, solar energy In fuels like coal or oil, 
nuclear energy in atomic nucleii, cases outside the scope of our study. 

A. The sum of the kinetic and potential energies of a freely 
falling body remains constant throughout its motion. Let m be 
the mass of a body falling freely from rest from A at a height 4 above 
the ground, Lety be its velocity after it has fallen through x to 
B. From the relation Des $ 

(final velocity)? — (initial velocity)? =2 x acceleratlon x distance 
we have y? 2 2gx 

-. The kinetic energy of the body at B is my’ =mex, 
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Its potential energy at this height, ie, h —x above the ground, 
is mg (h—x). 

The total energy e kinetic ji 

energy -- potential energy ! 
i 

L 

LI 
1B 


- 
x 


=mgx-+mg (h—x)- mgh. 
Since x may have any value 


we -X oc 


from 0 to h, we find that the total h 
energy of the falling body remains i 
LU 
i 
1 
' 
LI 


7 -—-- 


* 


F 


constant and is equal to its poten- 
tial energy at the topmost position. 

It is also clear from the 
analysis that the gain in kinetic 
energy is equal to the loss in 
potential energy. 

If v, is the velocity of the body when it reaches the ground, then 
vo2=2gh. Hence the kinetic energy when the body just touches the 
ground at C=4mv" =mgh=its potential energy at the top, 

B ^ Body rising vertically : Let it start from C“ (fig. 1-8.7 b) with 
a kinetic energy $mu? and its rise is governed by the relation h= 
ut—igt?. Now, the maximum height ( A^) attained is h=u"/2g so 
that gh— 3u* ; multiplying by m we get mgh= imu*. t 

At a height A^ ( B^) the velocity v comes from the relation 
y2—y®=2gh. Multiplying by àm we get 4mu® - 3m? =mgk i.e. 
loss in K. E. equals the, gain in 
P.E, Sum of them at B^ as indeed 
throughout the upward journey 
is constant, 

In fig. I-8.8 we see. the trans- 
formation of potential energy to 
kinetic energy in a grand natural 
sight—the water-falls, At the 
top the water has P. E. because 
of its position above the base. 
As water spills over the edge and 
Fig. 1-9.8 falls with everincreasing speed, 


its K. E. (3m?) gains and P, E, loses out. At the bottom of the falls 


die-2ma- -m2----5 


(a) Fig. 1-8.7 (b) 


MECHAN 
the P, E, approaches zero while K, E, approaches the maximum, 4 
turbine or a paddle wheel placed there will be set rotating and can 
utilised in generating electricity (Hydro-electricity). 

C. Body sliding down or climbing up a smooth incline : Leta 
mass m slide down a smooth plane inclined at 9 to the horizontal, 
Its acceleration down the incline 
is g sin @ (ie, g thereby is ‘diluted? 
as Galeleo did) Let it stat 
from rest at the top (A) and rol 
down a distance s (B) whereit 
acquires a velocity y? =2g sings 

E, jmv*. mgsin b= 

: Fig. 1-8.9 ~ s vipya Ps Y 

But h is the vertical distance through which the mass would have 
fallen in the same time that the ball has rolled, If the height of A 
is H form the base-levele the energy is initially wholly potential and 
mgH, 

Hence the potential energy at B is mg(H—h) and kinetic energy 
mgh. So the total energy at B will be mgH i.e, the initial energy at A, 
the top, If now the ball is so pushed up the incline that it just gains 
the top, the initial K.E, is finally converted into P.E, (in absence of 
friction) 


Note that the velocity gained by a body rolling down an incline is’ 
independent of the inclination angle and 
depends only on the height descended for 
v*=2g sin 0.s= 2gs, sin 0 - 2gh. 

D. Pendulum: It is a small ball sus 
pended by a thread vertically from a rigid 
Support and can oscillate in an arc, We have 
seen that the movement is caused by g as 
indeed in all the examples cited above, 

When the pendulum bob is at rest, it is 
at its lowest possible position O (fig, 18.10 8- © 
and hence has minimum P.E, If pulled up to Fus 1.10 
toBitisata higher level than the reference E. 
level (RL) through O and hence possesses more P,B, than at 0. 


» 


I-— — 905091-1 —— 
eF 


eee Loa oe A 


WORK, POWER AND ENERGY 25 


Let that of B bé Jj, and K’ that'at'C. Then at these polis respective 
P.E, are’ mgh and mgh® Wher released the ball would come down 
along’ the arc, gaining in velocity i.e. in K.E, which will maximise at 
o, At any point Cin its path the sum of P.E. and K E. will be 
constant, 


At. B, the maximum diplacement position, the bob is di. 
horizontal displacement of a. from the vertical AO and height h from : 
the horizontal OL, 

Now li ODAO — AU =] cos 6 

=[(1—cos 9) 212 sin? 26 


aM a* 
-126) -5 T 
a (B.E), =mgh & mg(a*/21) c loy d 
Similarly (B.E:)p  mgh -«ma(x*I21) Lay Fg e i£ 
Loss in P.E. in coming down from BtoC-Gain in K.E, KE. 
at-C, © In! falling. through. height h A^): the velocity acquired 
will be i í pie Io 9v 07 


(9,722 ( h-h^) NEN) 
and (K.E) = im* eine az) REPER TAE 


Ex:1-8,:9; A 20g'bulleti moving horizontally: at 100 m/s embéds ^ 
itself at the center ofal kg wooden. block, suspended by: a- lightie 
vertical string 1m long. Find the maximum inel'nation of the 
string. * l m 
Solution; From momentum ccnservation 20 x 100. (1000 20)v.;; 
or, ve m/s. The K.E, is then (m+). piens the mass: 
through .say. h,» gaining a P.E. of (Mem gl... Clearly these two arer ; 
equal due to energy conservation, 

E perite loce Am 
. quitte un ETE HUS 
ats cos ouo T 2x9 ET ln 
deiige 37! (from logtableh oii oC eS 
20 
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Æ: „Projectile : Let a particle of mass m be fired at an angle 
«. to, the horizontal with. an . 
initial. velocity w (fig. 1-8,11),. 
,, Ms, vertical and horizontal 
components are respectively 
u sin « and u cos «; the 
former raises m while the latter 
moves it horizontally at’ the’ 
same time, The two’ together 
move the particle ) -along ‘a 
ucoso H parabola, 

Fig. I-.1 Let the particle at a given 
moment be at A, at avertical height of h and its vertical component 
of velocity at that instant, v, Then from what we have learnt before 
(u sin «)* — »* = 2gh, from which.we get, after multiplying by 3m, 

H " 4mu* sin*<— my? =mgh J 
There, the kinetic, energy `of the particle is the sum of those d 
to vertical and horizontal velocities, namely Lum 

(K.E.),= dmv" + fmu? cos*« 
and (P.E.), =zgh i 
So the total energy = Jmv* 4- 3mu* cos*«+ mgh 
=(tmv* +mgh)+ Yu? cos?« 
= mu" sin*«--imu* cos*« 
f = mu? = Initial KE, ; , 1 
Hence in absence of friction, mechanical energy of a projectile 
remains constant throughout its -pàth, for note. that A may beany 
point omit, oeron a 
“Ex. 1810. An upward force of 196N raises a 10 kg massi 
uniformly through 10m. Find the work done by the force and the 
work done against gravity. The work done by the force is much. 
greater than the gain in gravitational P.E, Show by calculations that 
thé law'the ôf energy conservation is quantitatively satisfied here, ^. 
Ti ER [J.E E 18] 
Solution : Work done by F2 Fxh-:196N x 10in= 1960) 
Work done against gravity 2mgh- 10. kg x 9:8 m/,? x 10m— de 
The latter work gets stored up in the body as its P.E. m" 
As F4 (195N, mg | 98N, the body’ gets ait” upward acceleration 


---S 3 =- ~- - == 


o using 
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The upward» resultant... force: F,- F—mg2196—98:298N,: and. 
upward acceleration a= F,/m=98N/10kg=9.8 m/s* soisi i 

As the body: starts. froni-rest. with spy acceleration its 

velocity at a height of 10m is PM T. iig 
y? 22gh- 2x9. 8x 102 196 m*/s* 

Hence K.E. there is 4mv* 3 x 10kg x 196. m?#/s? — 980J. 

Thus at a height of 10m, K.E.+P, E 980-4980 219607 1 

i.e. there being no change, in energy the conservation: principle 
holds. ie a 

Problem :..-A (balloon full .of hydeogen rites » with , neti 
velocity. Thus with height. both its K.E, and P.E, increases How 
is it consistent with conservation of energy principe? [JE E.'84] 

[Hint: The force of buoyancy Vg ( Pai, Phyarozen) Provides it 
with an upward force greater than the weight ( Vai, 8 ps of the 
balloon.] 

L8.10. Gravitational P. E. is independent of Path. Let a particle 
be taken from A to B (fig, 1-8, ,2) in the earth’s gravitational field. 
along ACDB and it gains in "p, Let 
CD represent a very small ! displacement 
along this path. ^ Then as for en inclined `` 
plane, work done onm in shifting it from 
C to’ D against "gravity is mg sin 0, CD 
=mg CD,sin 9 =2mg.DG = -mgEF. Then the 
total work - on m in hoving it from 


A to B will be Smg sin 0. ‘amg SEF =me 


AB=mgh. So work done is independent of » 
path in the gravity field, provided the. initial. L 
and final points are, at the same im Fe e z 
difference, : 
We have seen the same, when a a body. is s mios an ‘dion: 
. If Abis above B the same argument rA -" jn this case work 
dari 


Tu 


is done by gravity. i 
It therefore follows that if a body is" inii from one. point! to 


another and. then returned to the initial point. then, the -— 
gravitational potential iei: the total work done is zero. 


o RR 
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gravitational force (or field) is-said to b>-eonservative provided: there! 
is no friction, 

Remember (i) When a:body falls under gravity, the work done: is 
negative ; the body moving in the direction of force, work is done 
by gravity. 

(ii) When a body is raised, : on occurs against gravity 
and work done is positive. 

(iii) Change in potential energy with raising a body, occurs for 
the earth-body system. For, with raising of the body, the earth also 
gains in P, E, though that is very small, Potential “energy is the 
common property of the raised body aad tbe earth, i 


(iv). Gravitational potential energy may, be considered negative 
when a body falls below the accepted arbitrary zero level, We shall. 
see in Chapter II-1 that the force of gravity being attractive the. 
potential at any point on or above the earth is — ve, it being zero at 
infinite distance from the center of tlie earth, 


1-8.10. Elastic Potential Energy : In winding up a watch ora 
clock, in shooting an arrow. from a bow or a stone from.a sling, in 
compressing or elongating a spring, you bring about a deformation, of 
the body concerned. This is to be done against the inherent. elastic 
forces of stress ( ¢ 1-3,2 ) and you have to do work,,.. This) work 
remains stored up in the, strained body as its elastic-potential energy. 
On removing these\ deforming forces, these, bodies release this energy’ 
to regain their original condition or configuration and hence do work.. 
That is how a watch or clock-hands are made to move; the arrow or 
the stone gain energy for motiof) the:spring vibrates, 

If we elongate a spring the forcé opposiug it/is proportional to thé: 
elongation... The force required to produce unit elongation is called’ 
its spring constant or force constant (K), Thus if a spring is elongated 
from}, to |, the force’ opposing that, risésito K(I, —],) from zero. 
So'we take the average force to be: 1K(/, —/;).. “Hence work done on. 
it and the potential energy gained thereby is 

oP) E)glastio Force x distance =4.K(/, +1;) x (lš HJER o" 
"Q.- Two springs have their force constants'as K; and K.(K,>K;) 
On'which spring is more’ work'"done (i)' when lengths are increased 
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by the same amount, (i) when they are stretched by othe 
same force ? - [ Ans. (i) First spring ; (ii) Second spring ] 

1-811. Transformation of energy. A falling body provides a 
very simple example of transformation of energy from one. form into 
another, where potential energy, changes into the kinetic form: A, body 
projected upwards» shows the reverse transformation, There are 
various other forms of energy such as thermal, electrical, magnetic, 
chemical etc, When we look carefully into any natural event: we find 
that iteis nothing but.a transformation of energy. from one form into 


another. i 
When we rub our hands, together, heat is developed... Here 


mechanical. edergy is converted into heat, A steam engine converts 
. the heat energy obiained by burning coal into mechanical energy, 

When a closed coil of wire is rotated by mechanical, means near 
a strong magnet, electricity flows through the coil. Mechanical energy 
has b:en converted, into the electrical form, When an electric 
current passes through an electric motor, as in our electric fans, or in 
the motors of tram cars, the spinniag of the motor illustrates 
conversion of electrical energy into mechanical energy. Examples 
of this kind may be multipli j without limit. ; 

Note that the sun is the ultimate source of energy for all changes 
on the earth. Light and heat energy from the sua are necessary, for 
the germination and growth of plants, Animals depend for their food 
on plants. Coal, one of our main sources of energy, represents stored 


up sunshine of far-away geologic ages, Oil, another important source 
from the bodies of minute 


of energy, is supposed to have been derived a 
organisms which lived aeons ago. . The water-cycle, essential for life 


on earth, is maintained by the solar heat, Recently, we have 
harnessed atomic energy, which is independent of the solar energy. 
` . Qonservation of energy. In all examples of transformation of 
energy it is to be noted is that no body or system of bodies can acquire 
- energy except at the expense of energy possessed by other. bodies... 
Energy, is mever o 


btained from anything that is not energy, nor 
turned into anything, that is. not, energy. 


_ Energy can only change 
form, or pass from, One body, into ano 


ther, Whenever one system 


.loses energy, another, system. gains it.. Wherever measurement, is 
possible. it is.found that .the.loss of energy, of one. system 15 exactly 


mam RU 
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equal to the gain in the energysof the other,’ Hence we: believe that 
energy is an entity of nature which is Conserved. »/The law ‘of conser- 
; vation of energy may be stated as follows s 

Energy can  neither^ be ^ created. nor destroyed. Hence’ the total 
“amount! of energy in the universe remains constant. 

A‘ system of bodies which can exchange energy only among them- 
selves, no energy leaving the system nor ‘any energy entering it from 
outside, is an ?solated system, ^ The principle of conservation of energy 
may then be stated as—the ‘total energy of an isolated system 
remains constant. 

The làw was first formulated by the German physicist Robert 
Moyer in 184), and was firmly established by Helmholtz a fellow 
German. It forms the foundation on which the whole structure of 
physical science has been built, Since 1932 it has been definitely 
established that energy can be converted into matter and matter into 
energy, The Frenchman Lavoisier in 1774 had enunciated that matter 

“can neither be created nor destroyed, The laws of conservation of 
| énergy and of matter, therefore, become one, as Einstein had predicted 
` (1905) in his equivalence relation E= mc?, 

The law rules out the possibility of constructing a machine that 
"will return more energy than is given to ite, a machine ihat will 
“Create energy. The continual operation ofa machine which creates 
"its owü etergy is called perpetual motion of the first kind. The 
"principlé of conservation of energy states that stich perpetual motion 
“isa delusion, Physically, every change hasto be paid for in terms 


oti 


_*18.12." Dissipation of energy. Whenever energy is transformed, 
‘there is a loss of another kind, though none is destroyed. When 
a machine’ runs, energy has to be supplied to it and it does work. 
The effective work that it does, is always less than thé work supplied 
to "it, 1e, the output is always less than the input. Part of the enetgy 
supplied to it leaks away due to friction etc, mostly in the form of 
heat, and serves no useful purpose, It'must be noted that the loss is 
not in the total energy but in'the availablity or usefulness of some of 
it. Lord Kelvin was one of the first to recognise the general principle 
that whenever energy is used or transformed some of it leaks away out 
of our control and becomes for ever dissipated and ‘unavailable. This 
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à statement is the principle -of dissipation of energy. ^ Dissipation 
cannot be avoided, » It is ‘thus not only, impossible to construct a 
machine that will create its .own energy but it is also impossible to 
construct a machine that will return iu. useful form all the energy put 
into it (perpetual motion of the third kind is impossible.) 

Work done. against Friction : The most important agent for 
dissipation of energy is friction and it is ever, present opposing raotion 
and. producing. loss of mechanical. energy,;; Because of » friction 
mechanical energy. is not conserved; what we have discussed above 
about conservation, are simplified idealised cases... «^'^ ynosizodl 

You ‘throw ia) ball vertically upwards’; it will be resisted by 4 
downward resistance ; when it descends it will again be’ resisted, “but 
this time upward; This cuis out the maximum height of ascent H, 
leogthens the time T to reach it and lessenes the energy with which 
the ball returns to hand (Is the time of ascent still equal to that of 
descent ? Why?) For the projectile also, the time of flight is 
lengthened and range shortened, The swing of a pendulum becomes 
progressively shorter, ultimately it stops. Output from a machine is 
always less then the input of energy. À 

To investigate the effect of friction on motion we choose the case 
of a weight mg slip- ; ; 
ping down a rough 
incline ( fig. 1-8.13 ). 
As we have seen 
earlier ( fig. 1-4. or Jia a gre ERR : 
three forces are rele- o 
vant—mg sin.0. down 
the incline, the reac- - 
tion  Remg cou gig "HBAS H 21i nido 
acting perpendicular ..« i ' ^A ai mis 
to the surface and frictional force wR up the incline, Let the mass 

overing a distance S... It 


start moving from A from rest and reach Bc 
slides under a constant resultant fore d dy 
i F=mg sn 8 pR=mg (sin 0- P cos 6) i 
—pg cos 6) 
despa 95 118,12.1) 


The velocity it gains at B is v* — 2fs-28 (8 sin @ à 
(K.E)g 7 mg (S sin 6 -pS cos 0) 
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üccege (PE eme mg (i A) mg (he Sisin 6); (1:8,12.2) 
821 poo (Total energy), em (h— S'sin 0) 4-mg (sin 6—u cos 6)8 

gl 3 2 zmgh —pmg cos 0.S 

Mu -mgh-uR.S (1-8.12,3) 


Now uR S represents the work done against friction and the total 
7" energy at B is less than mgh by just that amount, So energy ‘dissipated 
4 ‘into lieat/because of friction amounts to amg cos 0.S 
"Friction and Work-energy Principle : In eqn 18.6.3 we had 
5oestablished the energy-work relation ‘in presence of friction but ‘for a 
` horizontal motion.’ If we:consider a/rough surface up which a:body is 
b \beingdragged byan external agent» applying a constant inclined force 
oF. fig. 1-8,14) greater than frictionsforce wR then it passes. the, point 


uu à y i «NORMAL 5 
" ` F B 


ROUGH SURFACE 


REFERENCE LEVEL 


Fig; 1-814 


A at a height y, with a velocity u and the higher point Bat y, with 
- a greater velocity y ; then we have 
» B 
gain inK E.=$m(v* -u*) J 3. : 
gain in PE mg y, —,) and work done against-friction — / MRS 
So the total work done= 
B B : 
fr cos A.dS'= 3(my* — mu?) +(mgy, —mgy J+ feras (1-8.12.4) 
A A 


ese Eder. 
, - * For the inquisitive student. 
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; where Ais the.ang'e.between the direction of force Fand etangent to 
_ dS, the small displacement containing the point. C. . Thus + 
Total work done, by the-external agent Change in. K.E. 
--Change in P.E. -- work done;against friction 
or W,-(K,— K) (Y, - V) 4 Wy sd (168,12 5) 
(ii) If there is no friction W;-0. Then 
Ky -(K, - Kj.) (Vs —")- j 
Thus the work done by the outside agent is equal to the total 
change in mechanical energy. i 
If the motion is on a horizontal frictionless plane Wy = K, -Ki 
(iii) Without an outside agent W, is zero, And if there is no 
. friction, W; is-also zero. Then . i 
Om (K, —K,)+Vs Wa . 
or K,+V,=KatVs. à i N 
i.e. in absence of friction and of an outside agent applying a 
force, the motion will be such. that the, sum of the kinetic and 
potential energies remains. constant. This is the principle of 
conservation of mechanicaleneTZY- | o l. i quel, auk 
(iv). When friction is present, bnt.no outside agent is doing work, 
‚part of the mechanical energy is wasted in doing work against friction. 
This work appears as heat at the points of contact, Thp tgal 
mechanical energy, diminishes gradually... ; ji 
(v) -Ifthe outside:agent lifts thesbody aticonstant, velocity against 
gtavity, then h 4 
W,-V,-Vs. 3 a antis equal to the 
This means that the work: done: by the outside agent is equal to 
increase in gravitational potential energy of the body, eas 
pitati A miassrofads slides montin incline. 9 f 
horizontal against. a frictional force of 0:2R thr push 4 Quae of 1m. 
Find its acceleration and change in the sum of 5. Pis us — 
j u Bad PE. = Loss of 
Solution: Change in the sum of KE. and 
JUS cedariash energy py cos 8 S=02x 1x980x2x 100 «9800 ergs. 


Its sliding acceleration fag sin 0—u£ cos 0 
=g (sin 60' —0:2 cos 60°) 


=0°76g cm/s”. 
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1813. “Conservative and dissipative ' forces. When an “outside 
agent lifts a’ body vertically he does work!” The work done ‘is equal 
to the increase in gravitational potentialenergy of the body. Such an 
ageát also: does work when he pulls the body along a rough horizontal 
plane; but here the potential. energy of the-body does not increase. 

The reason for this difference. can be understood if we consider 
what happens when we restore the body to its initial position, In 
being lowered, the body can do work ài the expense of the gravita- 
tional potential energy it had acquired... The amount of this work. 
is, in the ideal case, equal to the energy it had. gained, So, in this. 
case the work spent on the body in lifting it, is recoverable. 

In ‘the other case, when wè reverse the motion of the body to: 
restore it to its initial position on the rough surface, the force of 
friction is also reversed, So, the same work is done against friction 
during the return motion as in the forward motion, This work is 
not ‘recoverable. ` 

' We may express the difference in another way also. Jn the first 


'^ case (case of gravity), as much work will be done by the body in 


falling from a level A toa level B'as will be done on it ‘in lifting it 
from Bto A. Tn still other words, total work for a round trip is zero. 
"But not so in the presence of friction ; work is done by the outside 


agent for both trips, 


When a force is such that the work done against it is recoverable, 
itis'called a conservative ‘force? In such ʻa» case potential energy 
increases, When the work done against a force is not recoverable, 
as in the case of friction, the force is\called.a,dissipative force. 
The work dore in such a case appears mostly as heat. 

The mechanical energy of'an isolated system" is conserved oaly 
when all the forces acting on it are conservative. > When dissipative 
forces are present as they always are, the total energy of the system is 
conserved, but not the mechanical energy, Some of the latter is 
generally converted into heat, 


EXERCISES 


p 
ia 


I-l. [, Kinematies.]. . 

(A) „Essay, type. questions z; Dai gi ; 

1.) What do yor mean when you'sdy'a' body is at "rest" of im 
notion’ p WHY is“rest? or “motion? considered'relative? ^ ^ — 

2, Explain the term ‘acceleration’ with suitable examples. 
Establish ihe equation v= taf, algebraically and graphically. 

3, (i) Distinguish between speed and velocity. ., » 

(i). Dintipguish between ‘average value’ and. 'instantaeous value* 
of a quantity. When are they the same ? Which one is more important 
in the laws of mechanis l, cem oii (08 i am d di 

4, What. is. meant, by a reference frame ? What are. spaceicoe > 
ordinates ? Y llo c 

5, .Deriye.the.equations S=ut+4al? and y? -u* - 22$, algebrai- 
cally and graphically, clearly explaining the meanings of the. symbols, 
16; ^A particle has an initial vélocity and a. uniform acceleration,’ 
From the time-velocity graph how can) you „deduce: (a) average 
velocity, (b). the distance traye d. in a given.time. Also.explain;how 
can you obtain the instantane velocity. ov ine 
[B] Short.answer typaquestionss, 0 0 0 i ation, 

7. | Why'is ‘time’ mentioned 'twice-in the unit of acceleration’? í 

8, What is the difference between the distance travelled in t. 
seconds and that travelled in the tth second pri 0 007 i 

9) When the'velocity/is-constant, does thevaverage velocity over 
any time interval differ fro it dh ; 

10^ the initial velocity öfa body is wand the final velocity is" 
v," If-the average velocity.-is)(u4- V)/2,. can the; acpelerations be. 
Varying p 1-231 of pU A1: M^ 

1l. Does the speedometer of an automobile register speed r- 

12; What happens to our kineinatie equations under the operation 
of time reversal, that is, replacing t tige ding i vum " j 
. I3, Can a body have (i) an acceleration with zero veloci 
(ii) "velocity without acceleration ?' (iii) an acceleration if ifs edd 
isconstanit p (iv) ‘constant velocity and’ ^ still varying speed f" 
(V). constant speed'and still’ varying velocity qj tyre pun 

14, Cán a body Have a northward velocity while experiencing a 
southward ‘acceleration? oh A Mic MEA UC 
1S, „Can the direction of the velocity of à body change when ats, 
acceleration is constant? | m 99 5C ya. bo 


io 
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16. A man goes round a circular garden of perimeter 100 m and 
comes back to the starting point. What is his displacement ? 


17. ‘What is the naturé of (Hé motion expressed by the equation 
SS, -- ut - dat? ? 

18. A train is moving along a striaght track. Explain what would 
be the nature of its velocity-time, graph, in the, following cases—(i)) It 
is moving with a uniform acceleration, .. Its, acceleration is (ii) increa- 
sing, (ii) decreasing 7 

19. A man standing ona tower. throws a ball, straight up. with 
initial velocity u. He throws another ball down with the same 
velocity. Which of them strikes the ground with greater velocity 7” 

20; ‘A maf on the observation platform of a train moving with 
constant Velocity drops a coin while leaning over the rail, Describe 
the path of the coin as seen by (i) the man on the train, (ii) a person. 
standing near the ‘track, (ii) a person ‘in’ a second train moving in 
opposite dircetion to the first train on a parallel track. 

21: If @ particle is released from rest with a constant acceleration 
a, them according to the'equation of motion itis at’a distance s'at two 
different times.4-.,/2s/a.. |Whatis the significance of the negative 
root? When can it happen ?: i 

' 22, "The velocity-time graph of a particle is à straight line parallel’ 
to the time axis. What would be the time-displacement curve? — 

23. The time-displacement curvé ofa ;partcle- is a 'straight line 
parallel to the time-axis,» What: do you guess about its velocity ? 


1 DOUSVEZi 3 k d S91 
[C] Numerical Problems:: 3e d-t od live 
2:24. /;'A particle: moves with an. acceleration of 5 cm s-*. If its 
nitialsvelocity is 100 cms-*. What willbe: its velocity- afier 20 s? 
iHow far will the particle moye in that time ?;- i| 200 cms-?, 30 m ] 
$255: car* has a velocity: of 20ims7*, It is» decelerated! at 
5 ms-*. How far will it move before stopping and how long will it 
take to, do so 7... o j to wstomob I 
_uoWhat would be the retardation of the car, if itis to be stopped 
in (a) one-fourth the distance, . (b) . one-fourth the time...) oi.) 
holes uisi ie oh ok 48, 40m, 20 ms-* in both cases ] 
26. «Two. particles move) along the, x-axis, uniformly with speeds 
of 8:ms-* and 4 ms73, At the initial, moment, the first point was, 21m 
to the left of the origin;and;the.second 7 mi tọ the righ: of the origin. 
When. will.the first point catch up with the second p . Where will ihis 
take place 7 UCET ; [7s, 35.91 
27. .A car left a city trayelling . uniformly at a speed. of 
80 km h-1, It was followed 1:5 hours later by a motor cycle whose 
speed was 100 km h-1, How much time pasted after the car left 


i 


O O 
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the city before the motor cycle caught up with ity, Where did. this, 
take places? » bnoo 0: i5 b, 600 km} 
28..A. car travelled ithe first, third, of .a distance at@ speed of 
10 km ht, the, second third, at..20 kmh-*.and the last; third. at 
60km h-t, Find the mean speed of the car over the entire distance. ., 


[18km ho? 


29. A motor-boat travelling upstream met a raft floating down- 
stream, An hour after this the engiue of the boat stalled, aIt took 
40 miautes to repair it and during, this time the boat freely floated 
downstream, » Whea the engin? was repaired, the boat travelled 
downstream wi'h the same speed relative to the current as before and 
overtook the raft at a distance of 75 ka from the point where they 
had first met. Find the river current, taking it as constant. 


[3m ie? J 


30, An engineer works at a plaat out of town. A caris sent” 
for him from the plant every day that arrives at the railway,,station at 
the same time as the train he takes, Oae day the engineer arrived at 
the station an hour, before his usual time and without waiting for the . 
car, started walking to work, Oo his way he met the cat and reached 
his’ plant 10 minutes before the usual time. How long did the 
engineer walk, before he met the cat f [ 55 minutes ] 
31. A train moves 40 km due west and then 30 km,due south in 
6 hours, Calculate its average speed aod velocity, au g 
i [324 ms-1,231ms * due south of west J. 


32. A car starts from rest with a constant acceleration of9 ms^*." 
Find its (i) instantaneous speed at the ead of 10 s, (i) theaverage ' 
speed for a 10 sinterval and (iii). the distance covered in 10s 
from rest. ioo; (BU) [90 ms-:,45 ms7?, 450.m ] 

43, A train, starting. from. rest ‘acquired an acceleration of — | 
3 fi s72 in 6 NO) Thereafter, the train moved with uniform 
velocity for half a minüte and applying brakes came to fest in 5. | 
seconds. Find graphically. the greatest velocity attained by the train | 
and the distance covered by it, (Bihar): 1 12:3 mile 72,639 ft] | 

34, A particle describes 72 om 1n the 12th &econd and 96 cm in 
the 16th, of its motion; "Calculate its initial velocity and acceleration. 
How far will it move in 20 second». ( 9 em $7, 6 cm7?, 1260 em ] ^ 


35, A man on the road is 9 m behind the entrance door of a 
train when the train begins to take mation from rest with a uniform 


acceleration of 2 ms-2. The man imme k i 

uniform speed to get into the train. He is just able to get in, Find 

the speed of the man. g. E. 7 E Pini 
36; > A particle moving: with:uniform acceleration described in its 


last second of motion one quacter of the whole distance. © If it started T 
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from rest, how°long was it in’motion and through what distance didit ' 
move,'ifit described 10 m in the first second p [ 7:464 s, 5571m:]: 
37, ‘A body moving in a straight line with uniform acceleration - 
describes three successive equal'spaces ‘in time intervals t, f, 
and t, respectively. Show that  ' 
ET EE 
- tity ty orp 
38; _ A car A is travelling on a straight level road with a uniform 
speed of 60 km/hr. It is followed by auother, B, moving at 70 km/hr. 
When the distance between them is 2:5 km, the car B is given a ° 
deceleration of 20 km/br?. After what distance and time will B 
catch up with Ap (I. T. T. '86) [32:5 km, 0 S‘hr, ] 


39. A body travels 200 cm in the first two seconds and 220 cm 
in the next four seconds. What will be the velocity at the end of 
seventh second from. the start ? . (LL T, 64) [100m s7] 


40. Two trains, each ata speed of 30 mi/hr, move towards 
each other on the same straight track, A bird that can fly 60 mi/hr 
flies off one train when they are 60 miles apart and heads directly 
for the other train, On reaching it, it flies directly back to the first 
train, and so forth. Find (i) how many trips can the bird make 
from one train to the other before they crash f (ii) What is the total 
distance’ the bird travels p [ infinite, 60 mi ] 

- 41. A man walking with a "uniform vélocity v passes under a 
lantern hanging at a height H'above the “ground. Find the velocity 
with ; which. the ,edge. of the shadow of the man's head moves over 
thesground if his heightiis.h; . oo , [ Hv(H—h): 

42.0: Acar was suspected-to exceed thespeed limit of 30 «mi/br. 
It made-a skid mark of 19'2°ft onthe ground after the driver made 
an emergency stop. Assuming reasonably that the maximum 
deceleration of the car would not exeeed the acceleration of a freely 
falling body, inyes'igate whether the driver was speeding, 


| [ not speeding, 22 mi/hr ] 

43.- A driver on-the average takes: 0/7 s: to bring thé car to 
rest after seeing the red signaland applying the brakes, Ifa car can 
produces: retardation. of 488. ms7?, find the .distance travelled 
before it’stops if it has an initial speed, of 40 km [hr. [814 m] 
44. A train stopping at two, stations 2 miles apart take 4 
minutes, On the journey from one station to the other. Assuming 
that.its motion is first that of uniform acceleration f, aud then that of, 


retardation f,, show that’ lda 
f 


4$. Four: points. are -at::the: four corners of a:square of side. a. 
They: begin) to move iat, the samé:time withsa constant speed v; the 
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first point always, moving towards the: second, the second towards 
the third etc, © Will.the-points meet and if they do in what time? 


pss 


46. Three ants “are: located at the vertices ofian «equi'ateral 
triangle whose. side equals 1, They all start moving at the same 
time with a constant speed v, the first ant always moving towards. the 
second, the second towards the third “and the third towards the 


first, How long will the ants take to meet ? E 
3v. 


47. At the instant the trafić signal turns green, an automobile - 


starts. with a constant acceleration of 6fts-?. “At the same instant a 
truck travelling with constant speed of 30 ft s-? overtakes and’ passes 
the automobile, Find (i) how far beyond the starting -point will 
the automobile overtake ihe. truck and (ii) how fast will the car be 
travelling at that instant ? | 300 ft, 60 ft s- ] 


48. A bus is running along a highway at a speed of 16 ms-*. 

Aman who can run at a speed of 4 ms, is.at a distance of 60 m 
from the highway and 400 m from the bus. In what direction 
should the man run to reach any point of the highway at the same 
timeas the bus or.before itp At what minimum speed ; should he 
run to be able to catch the bus p In what direction 2, ay 
[ between 46*45' and 143°15', 2:4 ms^* perp. 

to the initial line joining the man and the ‘bus, J 

49. A particle moves in a straight line, At a distance x from 

a" particular point. on:/the line ithe velocity ofthe particle is 
Proportional to ,J(a*—x*)x*, Find how the acceleration|Vaty; !) 
[- a*Jx*:] 


50, | A particle starting.from rest moves with uniform acceleration 
for a time tọ Then it covers a distance d, moving with upiform 
velocity for time t,. Afterwards, it moves with uniform retardation 
aud. come. to rest afier. time tg. Show. that the total distance 
travelled by the particle is i " 

t,+t a 
aec ! i 
_ 51. The relation between the distances traversed by a, body, and 
time t is given by TN ston S-a4bt4ct! where a=3 m 
bad msclund col msi Determine the average velocity an 


21 


EX 
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average acceleration of the body during the first, second and third 
seconds of motion, £3,5,7 msl; 24ms*] - 
52, The relation between the distance and time is given by 
S=a+bt+ct*+ct® where c— 14 ms^? and d-'01 ms-3, Find 
(i) in what time after moon begins will the acceleration of 
the body be equal to 1 ms? ? (ii) What is the average acceleration 
the body acqires during the time ? ( 12 s, 0°64 mjs* ] 


I 53. A rocket is fired vertically from the ground with a resultant 
vertical acceleration of 80 ms^?, The fuel is finished in 1 minute 
| and it continues to move up, What will be the maximum height 
reached? g=98ms-*, (I I, 7.75) ( 364 km] 
\ 11/94... If a body falls freely from rest, calculate (i) its acceleration, 
| (ii), distance it falls in 4s, (iii) its velocity after falling 90 m, 
| (v). time. required for its veloity to become 98 ms-*, (v) time. of 
fall through 44:1 m. - 
| , [ 4) 9:8 ms-*, (ii) 784m, (iii) 42 ms, (iv) 10 s, (v3 8] 
il 55. A stone is projected vertically upwards with a speed of 
| 30 ms- from a height of 40 m, Find (i) the maximum height 
| attained, (i) the time required to strike the ground, (ii) the 
| speed with which it strikes the ground, 
n5: lord ffi Wye (1). 85:9 m, (ii) 7:24 s, (iii) 41 ms. 
-. 56. A body is thrown vertically upward with a velocity of 100 
fts-1, When will it be at a height of 80 ft from the ground? 
i Explain the double answer. (.g=32 fis: * ) [ 0.94 s and 535] 
) 57. A stone is thrown horizontally with a speed of 400 fts“! 


from the top of a house 400 ft higb, When and where will it strike 
the ground, — . [5s later, 2000 ft away ] 
|, 58. A stone is dropped from a height of 196 m. What 
| distances it falls during. (i) the first 0-1 s, (ii) the last 0*1 s. of is 


| ‘Motion 7 
| How long does the stone take to travel (i) the first metre, (ii) the 
last metre ọ [49.cm, 19m, 045 s, 0055 


59. A stone is dropped from the top of a tower 90 m high and 
at the same time another stone is Projected vertically upwards from 
‘the foot of the tower with a speed of 30 ms-2, When and where will 
the stone pass each other ? [35,459 m from ground 


a 60, From the top of a tower, a stone is thrown vertically upwards 
with a velocity of 30 ms^t and 4 s later another stone is dropPe 
from the same point, Both the stones reached the groun 
simultaneusly, Find the height of the tower and the time of fall of 
the second stone, | 80 m, 4$) 


61. A stone is dropped from a b:lloon at an altitude of 300 ™ 
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What time is required for the stone to reach the earth if the balloon 
is (d) Stationary, (ii) ascending at 5 ms-?. ` (iii) descending 
at 5 ms!7 3? { 7'8 s, 8.448, 735] 


62. A stone dropped from a balloon strikes the earth’s 
surface in 30 s. Find the height of the balloon (i) if it is at rest, 
(ii) if it is ascending with a constant speed of 100 cms~1, when the 
stone was released, [ 4410 m, 4380 m ]. 


63. Two stonés are projected upwards simultaneously. One 
ascended 112 ft more than the other and reached the ground 2 s later. 
Find the velocitiesof projection of the stones, — ( 128 fts~?, 96 fts71 ] 


64. A lift-is ascending with an accelration of 2 m.-*. When its 
velocity is 8 ms-ia piece, of iron from the ceilling of the lift falls. 
If, the height.of the lift box be 3 m, find the time after which the 
piece will reach the floor of the lift. What height will it rise or fall 7 

(g=9'8 ms-* ) [ 07 s, 3:2 m rise, } 

65. A stone falling from the top of a tower has descended x ft 
when another is let fall from a point y ft below the top. If they fall ' 
from rest and reach the ground together, show that the height of the 
tower is (x+y /4x ft. 

66. A wooden block ‘of mass 10 g is dropped from the top of a 
cliff 100 m high. At the same time a bullet of mass 10 g is fired 
from the foot of the cliff vertically upwards with a velocity of 
100 ms-2, When and where will they mect? If the bullet after 
striking the block gets embéded in it, how high will it rise above the 
cliff before it starts falling ? (I. I, T. 73) [ 1s, 951 m, 7155m] 


67, . The acceleration due to gravity at two places are g, and g,. 
From- same height at two places if a body be dropped, it takes t s less 
to reach the ground in thc second place than the first but the velocity 
on reaching the ground in the second place is greater by v than in the 
first place, Show that g,g, -v*/t*. 

68. A juggler is maintaining four balls in motion, making each in 
turn rise to a height of 90 cm from his hand With what velocity 
does he project them and where will the other three balls be at the 
instant when one is just leaving his hand ? 

[ 420.cms7* ; 67:5 cm,.90 cm, 67 5 cm. ] 

69. A block of ice starts sliding down from the top of an inclined 
roof of a house, inclination being 30* with the horizontal, along a line 
of maximum slope. The highest and the lowest points of the roof 
are at heights of 8'1 m and 5'6 m respéctively from the ground. At 
what horizontal distance from the starting point will the block hit the 
ground? (I, I, T./72) mn [9m) 

70. Water drips from the nozzle of a tap an to the floor 324 m 
below, The drops fall at regular intervals of time, the first drop 
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striking. the floor at the instant the fourth drop begins to fall, Find 
the-location of the drops when a drop strikes the floor. 

[ 324, 1:44, 0:36, 0 m from the top] 

71.. A rifle with a muzzle velocity of 1500 ft s71 shoots a bullet 

at a small target 150 ft away, How high above the target must the 

gun be aimed so that the bu let will hit the targ*t ? {19 in] 

72. A dog sees a flowerpot sailing up and then back down past a 

window 5 ft high. If the total time the pot is in sight be 1 s, find the. 
height abcye the window where the pot rises. (gy ft.) 


73. The ‘acceleration of a body is given by a=2t?, Find ti) 
instantaneous velocity after'4-s and (ii): distance travelled after 4 s, 


[ 10°66, 17°06, } 
74,. A bullet fired into a target loses lu of its velocity after 
penetrating x metres into' the target; how much further will it 


penetrate ? i [ oe | 


75. A particle moves. along a straight line, and at a distance x 
from a fixed poiht O on the line its Yeldtity is’ a/ SEX. Prove that 
x 


its acceleration is dirécted towards O and is i tional fo 
thie Seuke of uj Friend d is inversely proportion 
16. A particle moves from rest at a distance C from a fixed. 
point O, with: an: acceleration u/x* away from O at a distance X 
Show that its velocity when it'is at à distance 2C ftom O is JC, 


T7. A. particle of mass m. moves in a i i 
: : Straight line under an 
acceleration nx towards a fixed point. on the line X ovn at a distance 
: en m it If it is initially projected with a velocity v towards the 
Point from a distance a from it, prove that it reaches the point after à 


E LATINE 
time p an^ (uajv), 


78. The distance between the twó stations is15 km. The first 
half of the distance is Covered by a train with a con acceleration 
and the second half with uniform Ietardation, | The maximum speed 
of the train is. 50 km/hr Find (i). the acceleration, taking it to be 
numerically equal to the retardauon (ü) the: time taken: by: the 
train to.tràvel between the stations,’ [ 0:13: ms~*;:3:6 min] 


79. A body moving with a uniform accleratio: ities of 

n has velocities 0! 

20 ms-* and 30.ms-? whencpassing two points imits path. Find its 
velocity midway between the points, [255 87 ] 


EXERCISES 285 

83. Drops of water fall from the roof of a building 16 m high 
at regular intervals of time, the first drop reaching the “floor at Ithe 
same time the “fifth “drop” starts its fall, Find the distance of the 
individual drops from the roof in the air at, the, instant, the first , drop 
reaches the earth. [ 1,m,4 m, 9.m, 16 m. ] 


1-2. [Vectors) | 


[A] Essay type questions : | 

i, "Whatisa vector quantity ? In what way is it) different from 
a scalar quan'ity 2 Give 3 examples of each; 

How can a vector be represented by 4 line segment ? $ : 

2. State the law of addition of vectors, - How „can one vector 
be subtracted from another 7. Draw diagrams, What is meant by 
the principle of independence of vectors 7 a f We 

_ 3. Vectors P. and .Q. are inclined. to each other at an angie 6. 
Find their resultant, ( Give both the magnitude and direction. ). an 
also the magnitude of their difference, and also its direction, What 
will be the result if the vectors are mutually perpendicular 4 ; 

4. What do you mean by resolution of a, vector f How. will you 
resolve a single yector, in tw, mu perpendicular components, 
When is the resolved part the same as the component i its 
direction ? ose F dy 

5, Explain the composition of a number of vectors by @) “the 
process of resolution and (ii) the polygon rule. 

6. What is relative velocity ? How can, you fisiemine: » 
relative velocity of two particles when (i) they are moving along the 
same line, (ii) ‘moving along two different lines 7 

7. How. can. you, represent. a, yector by co-ordinates in a; three 
dimensional space 7... Discuss, the method, of fiading the resultant of 
two vectors by this method. y m 
(Bl Short answer. type questions.: - 5 

8, Does it make any sense to call a, quantity à yector when its 
maguitude is zero ? y ris sp t 

9, Gan two vectors of different magnitudes be combined to give 
a zero resultant p Can three vectors ? sy ) 

10. «Can a vector, be zero if one of its components is not zero. 

11,° Is the-value of a scala quantity. dependen! on uthe reference 
frame chosen ? ü ki 5d 
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: 12, Is time a vector quantity p} If not, why not 1 
13. Cana scalar product be a negative quantity ? 


14. Can the magnitude of ihe resultant of two vectors be 
smaller than the magnitude of either ? 


15 Can a vector have a component at right angles to itself 


16. Work is the product of force and displacement of the point 
of application of force, Both force and displacement are vectors, 
Is work then a vector or a scalar ? 


17. During the rains, the rain drops falling vertically appear to 
come down obliquely to a person sitting in a running train, Explain, 


18. A school-boy holding an umbrella runs with a velocity 
€quàl to that of the rain falling vertically, At what angle should be 
hold the umbrella in order to protect himself best p 


19. Drops are falling vertically in a steady rain, In order to 
8o through the rain from one place to the other in such a Way as 
to encounter the least number of rain drops, should one move with 
the greatest possible Speed, the least possible speed ‘or 'somé 
intermediate speed ? 


20. A train moves over a straight track with an acceleration f. A 
lan in the train drops a stone, What is the acceleration of the stone 
with respect to the train and the ground 7 


21. An elevator moves with an acceleration f. A man in it drops: 
a coio. Find the acceleration of the coin with respect’ to the floor 
of the lift if (i) ` the lift is going up (ii) going down. 

22. Show that the instantaneous acceleration at any point in the 
velocity-time graph equals the slope of the tangent to the graph at 


that point, 


[C] Numerical Problems : 
. 23. What is the angle between two Vectors so that the resultant 
is (i) /2 times, ( ,/8) times each vector t ( 90°, 60°] 


.244. Show that two vectors of equal magnitude has a resultant 
Which bisects the angle betweeri the component vectors, 


25. In the parallelogram ABCD, 482 a, 48=b, Find Ad, 0 


AC+5D, AC-— BD in terms of a and 5. © lf a+b, a— b, 25, 24) 
26. In the regular hexagon ABCDEF AB=a, AP=b. Find tO, 
CB, DE, EF. ! [a4b, b; —a,— (a9)] 


2^. The position vector of a point P is 374.2; 6k; Find the 
length of og. D [7] 

28. Ifthe vertices of a triangle are the" points ;—7-- 2k, 2i+3/+ 
4k, 3i--3j— Ak, what are the vectors determined by its! sides ?. i, J» 
k are unit vectors paral el to the axes of co-ordinates, a 
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29, A vector. P is the resultant of two: vectors .X and. Y. which 
makes angles 30° and 60° respectively with P on opposite sides, Find 
X and Y. i [ 0:866p, 0:5Pj 

30, Find the horizontal force and the force inclined at 30° to the 
vertical, where the resultant is a vertical for:e of X N. Ü 

[X J3N, 2X] JN] 

31. If the resultant of the two forces is equal in magaitude to 
one of them, and perpendicular to it, fiad the magnitude and direc- 
tion of the other force [ „3 times the other force and inclined to 

135° to it. ] 

32. Three forces act on a particle in the. same plane, One. is 
100 dynes due east, the second is 200 dynes due north and the third 
is 200 dynes acting north-east, Resolve the forces into components 
and find their resultant, Í [4181 dyn] 


33. A boat is towed by two ropes, each inclined at 30° to the 
stream, but on opposite sides of it If the pull along each rope is 
50 kg-force, find the magnitude and direction of the resultant, ~ 

[ 86°6 kg-force, 30°} 

34, Two equal forces, inclined at 60°, act on a’ particle, Resolve 
the forces along the bisector of the included angle ‘and’ perpendicular 
thereto, Hence find the magaitude'and direction of the resultant. 

[ J3 times of either force ; along the bisector of the 
included angle. ) 


35. Three coplanar forces of 1, 2 and 3 gf respectively act on d 
particle, the angle between the first and the second is 60^; the anglé 
beween the second and the third is 30" ; and the angle between the 
first-and the third is 90°, Find the magnitude of the resultaut and 
the angle it makes with the first force. [514 gf making an 

angle of 67°5’ with the first force, j 


36,1 Forces of 3 gf and 4 gf act at a point, ¿Find the angle 
between their lines of action if they have a resultaut of (i) 7 f, 
(ii) 6 gf, (iii) 5 gf, (iv) 4 gf, (v) 1 gf. a 

[ 05, 62°42/, 90°, 13148, 180°. J 
shes to cross 


a river 176 yds wide,flowing at 
in which he should swim in or 
he take to cross and how far will he 


[ at right angles, 2 mi, 4 mile, ] 


_ 38, Two swimmers leave from the same point on one bank of the 
tiver to reach a point lying right across on the other. bank, One of 
them crosses the river along the straight line while the other swimmer 


at right angle to the stream and then walks the distance that he has 
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been’ carried’ away by° the stream; What was \ the velocity. of his 
walking if both the swimmes reached the destination at the «same 
tithe ? “Given that the stream velocity is 2 km/hr and the velocity 
of each ‘swimmer is 25 kmyhr, ( 3 km/hr, ] 


.,39. Two forcés P and Q acting at a point have a resultant R; 
if Q be\ ‘doubled, then R is doubled, Again if Q be reversed in 
direction then -also R is doubled, Prove that P:Q:R= 42: 
Alas Je. 

40, . A man rows directly across a flowing river in time t,, “rows 
an equal distance down the stream in time ta. If u be the speed of 
the man instill water and v that of the stream, show that 


iit. Vuy: Ju-v. 


41. On a rainy day when a man is walking at tlie tate Cf ^4/miles 
‘an hour, he is struck by the rain vertically and when he increases. his 
velocity to 8 miles an hour, th: rain strikes him at an angle of 45°, 
Find the magaitude and direction of the velocity of the rain. 


[ 4 42, 45° with the vertical. | 


27 142) A-ship, steams due ‘west ‘at the rate of 15 km/hr when the 
tier | is. flowing at 6 km/hr due south, What is the relative. velocity 
‘of the ship to that of a train running due north at 30: km/hr, ? 


a [39 km/hr ; in a direction east of north at an angie of tan-1 4. ] 


| 943.5 A^river 240 m. broad is flowing at 1:8 kim lr and as 
Wimmer .who.can swim at 3:6 km/hr..wishes to. reach» a point 
just. opposite, |Aleng what jline.must he.strike oui and how 
long,will he take in. reaching the point 
PUR ot [60° with the/bank;4:62:min.] 


."4. A steamer is going due north with a velocity V, the smoke 
from the chimney "points 9 degrees south of east, If the wind be 
Coming from the west fiad its Velocity assuming - that theisniokeloses 
the velocity of the steamer as soon as if leaves the chimney'and moves 
with the velocity of wind, [ Vicot a:i] 


45. « Rain’ water is“ falling -vertically with a velocity of V ms^* 
when tre velocity of wind “is ‘zerocand water is collected at 4 


(J, E. E, 82) [ No change. ] 


46. “A steamer is travelling due east at a rate of u mi/hr. 
A second steatmer is travelliag’at 2u mi/hir in à direction -g` north: of 
east, and appears to be travelling morth-east to a passenger on the 
first steamer, Prove that 6=4 sin-? 3/4, j n. 


1-3 [Newton’s laws of method] 


[A] Essay type queitions : > 

1. (a) State and explain Newton's laws of motion, 

(b). Give:examples of inertia of rest.and inertia of motion, -| 

(c) Establish the equation F=ma, explaining’ the meanings of 
the symbols, j 1 : 

2. (a ^*Newton's first law introduces the concepts of inertia and 
force —Explain the statement, 

(b) Explain the statement'that Newton's second law indicates 
how.force.and inertia can be measured. .What;is inertial,mass 9,7 | 

3. Explain: the /terms«dyne, newton, gram-weight; -kilogram- 
weight, What. symbols. do. you, use for them p Express’ the last 
three quantities in dynes Take g --980 cm7*. .. . euam 

4, What do you understand by the impulse of a force ‘and’ an 
impulsive force ? Find how impulse and momentum are related; » 

5. State the principle of conservation of linear: momentum, 
and explain how can you arrive at it from Newton's laws. 

Give three examples of conservation of linear momentum, 
Discuss the motion of a.rocket on this basis, i Ko 

6. What is an elastic collision 7 Establish the momentum, and 
energy equations for an elastic collision in a. straight line. . 


[B] Short answer type questions: — i hey 


7. ‘Newton's first and second laws relate to the same body ; but 
the third law introduces another body’, ., Explain this statement with 
examples. ; i 

'8. Tf action and reaction are equal and opposite, why Should a 
body move at all under the action of a force f 

9. . If. we accept the principle of conservation. of, momentum as 
a basis, we can get Newton’s first Jaw. from the third. ; Can, you say 
how this can be done ? : ph aih o 

10, A, passenger sits in an aeroplane, State theicon itions 1n 
Which.the action and reaction between the two will be (1) ean ki 
the weight of the passenger; (i) greater than the, weight o ithe 
passenger; (iii) less than the weight of the passenger j (iy), zetp. 

11, A boy sitting in a railway compartment moving with a 
constant velocity throws a ball straight up into the air Will the bal 
fall (i) behind: him’ (i) im front of him (iii) “into his hands ? 
Explain your answer, If the train accelerates while the ball is in 
air, what happens to the ball ? 
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12, A mass is suspended by a thread X. From the bottom 
of the mass, another identical thread Y is fixed. If a steady pull 
is applied at the end of the thread Y, the’ thread X snaps, But ifa 
jerk is given, the thread Y breaks, Explain with reasons, 


13, We fall forward when a moving bus stops and fall backwards 
when a bus starts moving. Why ? 


14. A meteorite burns out in the atmosphere before it reaches 
the earth's surface, What happens to -its momentum ?- To its 
energy ? 

15. . Can a boat be propelled by air blown at the sails from a 
fan on the boat 7 


16. Why is it easier to pull a roller than to push it 7 


. 17. Reconcile with the conservation of momentum the cases of 
(i) -a handball bouncing off a wall (ii), a body falling freely. 


18. ‘A system of unbalanced forces produces acceleration. while 
s system of balanced forces causes deformation'—Explain the 
statement, 


19. Show that the Newton’s first law of motion can be derived 
from the second law, 


20, ‘Mass is a measure of intertia of body’—Explain the 
statement, 


21, Distinguish between elastic and inelastic collisions, 


“22, A bird is in a wire-cage hanging from a spring balance. 
Is the reading of the balance when a bird is flying about (i) greater 
than, (ii) less than or, (iii) the same when the bird sits in the cage ? 


23. A man standing on a large platform ofa spring scale notes 
his weight, He then takes a step on this platform and the scale 
reads less than his weight at the end of the'ster, Explain, 


24. A monkey and a mirror baving the same mass are hanging 
at the ends ofa rope passing over a pulley. both at the same height 
with respect to floor, Can the monkey get away from his imagé 
seen in the mirror by (i) climbing up the rope? (i) climbing down 
the rope? (iii) releasing the rope ? 

25, According the Newton’s law, only an outside force impressed 
by another body can alter the state of motion of a given body. 
Then what outside force brings a car or any other“ self-moving 
vehicle to a stop under brakingp ` 


26. Jet planes generally fly at higher altitudes, while propeller 
planes fly at lower altitudes, Why y [1.1. T. 76] 


27. Two men stand facing each other on two boats in still 
water a short distance apart, A rope is held at its ends by. botb. 
The two boats are found to meet always.at the same point whether 
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each man pulls separately or tog*ther: © Why? Will the’ time taken 
to meet be same in both cases ? : b lw woH. vni 

28; Two teams having a tug-of-war must always pull equally 
hard on one another. The team that pushes harder against the 
ground wins. Explain, Y 

29. How would you choose the relative masses of a farget 
particle, and a probe; particle, so „that the target particle should 
recoil with (i) the greatest speed (ii) + greatest momentum 
(iii) greatest kinetic energy, 

30. Two balls of different masses have same kinetic energy. 
Which ball will possess greater momentum ? ' ü 

31... Apply. the laws of conservation..of energy and momentum 
toshow that for elastic collision of a body of mass M. with another 
of mass KM, the energy lost by the former for a head-on collision 
isa maximum when K — 1. LJ. E.E. 72] 

32. Why an athlete in the long jump or high jump even: always 
runs through a little distance before jumping ? } 

33 It is not possible for, a person sitting on.a chair to lift the 
chair by its handle unless he lets his feet touch the ground. Explain. 


34, Why isa man hit harder when he falls on a paved floor than 
when he falls on soft earth from the same height]; ^ ^77. j 

35 When a man jumps from a certain height, he feels more 
pain.ifhe does not flex his knees on landing then when he does, 
Why? 

36. Can a man sitting inside a. car move it. by, pushing» it 
from.inside 7 ypistit » 3s! f 

37. When a body falls freely in air, it is weightless— Explain, 


38, Two identical weights are ‘connected by a spring. At the 


initial moment the spring is SO compressed that the first weight is 


tightly pressed against the wall and ihe second weight is retained by 
stop. Describe the motion of the system when the stop is removed, _ 


3 ting on two bodies be their mutual 
9, Let the only force acting bodies Ee mé viibces 


itteraction, If both the bodies start from rest, at 
eüch travels are inversely proportional to their respective masses. 


40, How, could a 100 kg object be lowered from a roof using à 
cord with a breaking strength of 87 kg without ‘breaking the 
Tope ? 

. 41, Explain why the load „on the back wheels of a motor cat 
increases when the vehicle is accelerating. 


42... Before the start of a race, each runner has momentum which 


differs from that which he has during the race. Does this represent a 
) omentum f 


violation of the law of conservation of linear m 
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143, A man ina boat facing the bank with its stern walks;to. the 
bow. How will the distance between the man and the bank change p 
‘44, Is those any force ,actingson a vehicle when itwis moving 
‘with uniform velocity ona rough road ? 
45. In a tug-of-war, should all members of a team pullina 
straight line.or zig-zag fashion p | Explain your answer, 
/46, “To clean garments of dust particles, it is sucdenly set into 
motion'—explain why p 
47. In which case the tension in the rope will be greater (i) two 
forces of magnitude F is applied in’ the opposite directions (ii) one end 
is tied and a force of magnitude'if is applied at the other end ? 
48' "To smooth a garment by hot ironit is better’ to push the 
iron than to pull it—Explain, 
- 49. Is is possible to keep a rope horizontal by placing a load on 
therope? Why not ? 
50, A heavy body and a lighter body moves with: same 
momentum, Which one would travel a greater distance when equal 
-Opposing forces are applied to stop them ? 


(C] , Numerical Problems : 


. 1. A ball weighing 150-g:was moving with-a speed. of 10:ms7, 
It is stopped in 0.2, What force was applied to stop it ? 


[ 7.5105 dyn] 


32 The barrel of a gun is 50 cm long, A bullet weighing 10 g is 
‘fired from theigun with a velocity of 400 ms-2, “What is the average 
-acceleration of the bullet inside the barrel ? What is the average 
force on it. [16x 107 cms-7*, 1,6310? dyn ] 

53. A car moving initially at a speed of 50 mi/hr. and weighing 
3000 1b is brought toastopin a distance of 200 r4 (a) Find; the 
braking force and the time required to stop. (b) Assuming the same 
braking force, find the distance, and time required to stop if the car 
were going 25 mi/hr. initially, [ 1300 Ib, 5.5 s ; 50 ft, 275] 

54 A. train, with a mass. of 500.tons is uniformly retarded by 
applying its brakes. Its velocity drops from 50 km/hr, . to .28 km/hr. 
in one minute, Find the braking force, 

55. A body with a mass of 0.5 kg is in rectilinear motion. 
"The relation between the distance s travelled by the body and ihe 
time t is given by the equation s=A Bt4+Ct?—Dt*, Where 

‘C=5 m/s? and D=1 m/s", "Determine the force which acts on the 
body at the end of the first second of mótion, [2N] 

56, Under the action of a constant force F= 1 kgf a body so 
moves in straight line that the relation between the distance Stravelle 

‘by the body and the time t is described by the equation 
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SsA-Bt4-Ct?, Find. the. mass of. the body. if'the constant 
C21 mss: 2o E49 kg. ] 

51. A molecule with the’ mass m-2465x10:?*kg flying at a 
velocity of v= 600 ms-* strikes the wall of a vessel at an‘angle of 
60° to the ‘normal and'rebounds from it elastically at the 'same'angle 
without lositig its velocity,’ Find the impulse of: the’ force ‘received 
by the wall'during the impact, [ 28x 107** Ns, A, 

58. A jet of water with a cross section of 6 cm? strikes a wall'at 
lan angle of 60* to the normal and rebounds elastically from the wall 
without- losing. its velocity; Find the power acting on the wall if the 
velocity of ine "water in the jt is 12 ms^*. Density of) water 
1000 kgr7?. [36 W.) 

59, What angle to the horizon will be fortned.by-the surface of 
pe'rol in the tank of a motor vehicle moving horizontally, with 
a constant acceleration of 2,44.ms7*, | Take ga9.8 ms"? or oul, 4) 


60, A ball is suspended on'a thread from the ceiling ‘of a tramcar, 
The braks are.applied and the speed! ofthe car changes: uniformly 
from 18 km/hr to 6 km/hr during 3 seconds, By what. angle. will 
the thread-with the ball deviate from the vertical; Take g=9.8 ms. 

| bod Le 3] 

61. Two weights 2 kgf and 1 kgf are linked bya thread passing 
over a weightless pulley. Find (i) the accelerati on with Y ich the 
weights move, (ii) the tension of the thread. Neglet friction ‘on 
thepulley, Take g=9.8 ms-*. [3.27 ms~*, 13 W.} 


plane forming an angle of 30° with the horizon, Equal weights are 
linked by a thread passing over a pulley. Find (i) the accleration. 
when the weights move (ii) the tension OD the thread ‘Neglect 


friction i 2 the weigot and inclined plane. 
Hog: de es pulley and between y g [245 de TN 


j xz 55i DUS 
63. -A weightless pulley is attached to the apex of two inclined 
planes forming dr 30° and 45° with’ the Eorizon. Equal ren 
are linked by a thread passing over the ‘pulley.’ "Fi (i) á e 
Mesicrhon with which ti Fri 7 id ei ker E e “ SEN 
l iction' lléy and betw ig i ines, 
Mirco Meters oan [102 ms”, 59N) 


i i | racket in the 
64, .-A ball flying at 15 ms-*.is thrown back by a racket. 
opposite. direction dni the velocity 20 ms ^. Find At M in the 
momentum of ihe ball if its kinetic enerey changés by 8.75 3. < 

À [ —3:°5-ke, m? ) 


á n i; . f 

65. 7A it mass of 5x 102° kg flies atia velocity o 
600 ms-* rom al ie a mass of 5 kg. Find the velocity of qe 
riflé kick, E E | [0.6 ms 3 
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66. A flat car with a weight 10 tonf stands on rails and carries 
cannon weighing 5 tonf from which a shell is fired along the 
The weight of the shell is 100 kgf and its initial velocity with resp 
to cannon is 500 ms-!. Determine the velocity of the flat car at 
first moment after the shot if (i) the flat car was standing, (ii) the 
‘was moving with a.speed of 18 km/hr and the shell was fired in 
direction of motion, (iii) the car was moving with a speed of 18 | 
hr and the shell was fired in the direction opposite to its motion, 

[ 712 km/hr, 6 km/hr, —3 km/h 

67. An automatic gun fires 600 bullets a minute, The mass 
each bullet is 4 g and its initial velocity is 500 ms-?. Find the m 
recoil, '[ 19.6 

68. A grenade flying at 10 ms-* bursts into two fragments, `T. 
larger one having 60 percent of the entire weight of the grenade 
continues to move as before but with an increased velocity equal- to 
25 ms-*, Find the velocity of the smaller fragment, [ —12.5 ms7* ] 


69. A body. with a weight of 1-kgf moves horizontally wi 
velocity of 1 ms7*, overtakes another body weighing 0.5 kgf 
collides with it inelastically. What velocity. is imparted to the bod 
if.) the second body was at rest, (ii) the second body was moving 
at a veloeity of 0.5 ms-* in the same direction as the first on 
(iii) the second body was moving at a velocity of 0.5 ms-* iu direction 

. opposite to the motion of the first one ? A 
| £x [E [ 0.67 ms7*, 0.83 ms-?, 0,5 ms- 

70. A body weighing 2 kgf moves with a velocity of 3 ms~* an 
overtakes another body weighing 3 kgf moving at 1 ms-*, Find th 
velocities of the bodies after collision if (i) the impact is inelastle 
(ii) the impact is elastic, The bodies move in a straight line and the 
impact is central, 1 

If the first body stops after elastic impact what should be the ratio 
‘between the masses of the bodies » 

vile i itp [ 1.8 ms71 ; 0.6 ms-1, 26 ms“? ; ro 

71. A ‘body weighing 49 N strikes an immobile body weighing 
25 kgf. The kinetic energy of the system of these two bodie 
becomes 5J directly afier the impact, Assuming the impact to 
central and inelastic, find the kinetic energy of the first body bef 

the collision, — [75 
4. 172, Two balls are suspeiided on parallel threads of the sa 
length so that they touch each other, The mass of the first ball 
0.2kg and that of the second 100g, The first ball is deflected 
that its centre of gravity rises to a height of 4,5 cm and is. 
"released, To what height will the balls rise to. after the collisio 
Ai) the impact is elastic, (ii) the impact is inelastic 7 m. 
* "Ma [5x10-? m, 0.08 m ; 2x107* mJ 
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73, A bullet flying horizontally strikes a ball suspended on a very 
light: rigid rod and gets stuck in it. The mass of the ball is’1000 
times greater than that of the bullet, The distance from the point of 
suspension to. the cenire of the ballis 1 m. -Find the»velocity of the 
bullet if the rod with the ball deviates by an angle of 10° after. the 
impact, d ! [550 masz? J 

74. A bullet flying horizontally strikes the ball suspended fom a 
vertical light rigid rod and gets stuck in the ball, The mass of the 
bullet is 5 g and that of the ball 5 kg. The velocity of. the bullet is 
500 ms-2, For what maximum length. of the rod will:the ball rise 
to the top of a circle as a result of the impact 7 [09.64 m] 


15. A wooden “ball is dropped vertically from a height of 2 m 


with an initial velocity of zero. When the ball strikes the floor, the 
coefficient of restitution is 0.5. Find (i) the height which the ball 
rises to after striking the floor, (ii). the amount of heat evolved during 
the impact, The mass of the ball is 100 g. [0.5 m, 1.48 J ] 


76. A steel ball^falls from a height of 1,5:m onto a steel plate 
and rebounds from it with the velocity 0.75 times the velocity of 
approach, (i) What height does the ball rise to? (ii) What time 
passes from the moment the ball begins to move, to its second 
impact with the plate ? (084m; 1.45] 

71. A neutron ( mass mg) strikes an immobile nucleus of (i) ʻa 
carbon atom ( mass 12 mg ), (ii) an uranium atom (mass. 235, Mo ). 
Assuming the impact to be central and elastic, find the part of the 
velocity lost by the neutron during the im pact, ( 2/13, 2/236 ] 


78. A plastic ball falls from a height of 1 m and rebounds several 
times from the floor, * What is the coefficient of restitution during its 


impact with the floor if 1.3.5 pass from the first impact to the second 
one ? LOM ] 
79. A body weighing 2 kg is placed on à smooth plane inclined to 
the horizontal * 30" What is the magnitude of the force tending to 
slide it down the plane? What acceleration does. it give to the 
body ? (g=98 ms”? ) J { 9.8 N, 4,9 ms ; ] 
80, A body is pulled simultaneously with a force of 50 kg acting 
due east and a force of 20 kg acting at an € of 60? east of north. 
Find the i ‘ection of the resultan : - 
magnitude anc ng an ange of an UA oem d 


81, The resultant of two forces makes angles 30°, and 45° with 


the f 1000 dynes what are the magnitudes 
e forces, If the resultant 1s (^ )dynes, "t 1000/2 2000: 
of the forces 7 ` 7 B+”? rt" | 


i : j se of 26 dynes at 
82, A particle of mass 2g i$ acted on by à force Oii gs 

an angle 0 Fonk of east where tan g =5/12. „How far "t ser pes 
move the particle towards the east In 5s?) : 
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83... A. rocket. burns 0.25: kg of fuel-per second and ejects it as a 
gas|with a velocity of 1 km/s, Calculate the force exerted by. the 
ejected. gas on. the rocket. [250N;] 


84; Three: particles of equal’ mass move with equal speed'V 
alongthe medians of an equilateral triangle, They collide at the 
centroid of the triangle, After collision a particle comes to ‘rest, 
another retraces is path with a.speed V, What is the speed of the 
third particle p » (1. I, T, *82) [ Rewace the path with speed V. ] 

85; A body;of mass.1 kg initially: at rest, explodes and breaks 
into three fragments of masses:in the ratio 1; 1 1 3, The two’ pieces 
withequal mass fly off perpendicularly: to each other with a speed of 
30: m/s; each, What; is the velocity of the heavier fragment 7 
(IL T,'81)  [ 14.14 ms-* directed opposite to the bisector of the 

right. atigle; 

86. Two: bodies‘of equal massiare iat rest, side by side, One of 
the bcdies starts moving underia constant force “F while the otber, 
at the same instant, receives an. impulse of. 1. Show that the 


bodies again come side by side after a time -A 

87. A train of mass M is traveil ng with a uniform. velocity on 
a level line ; the last carriage, whose mass is m, becomes detached, 
The driver discovers it^ after travelling a distance 1 and then shuts off 
steam. Show that when both the parts come to rest, the distance between. 


them js | Hai if the resistance to:motion is uniform and proportional 
to the weight and pull of the engine is constant, 


88. An éngine of' mass 200 tonnes is pulling a train--of 10 
carriages, each of mass 60 tonnes, The engine is exterting its 
maximum pull of 2:105 N when the train is moving. at.a constant 
speed, of 36 km/hr, Due to. the disengagement of the: coupling 
between the Sth.and 6thi-carriages, the rear five. carriages get 
separated and ithe engine hauls the first five carriages exerting’ the 
same pull, Assuming that the tractive resistance is proportional to 
weight, find how far-ahead the front half ofthe train is when the-rear 
half comes to rest y [ 400m..] 


89. A metal disc is kept in equilibrium at a certain height by 
throwing marbles directly upwards, If the collision be. elastic and 50 
marbles'strike the dise per second, find the mass of the disc, Each 
marble has\a mass of 2 g and strikes the disc with a velocity of 

| of 30sms-?, | [6122] 
c 999. -A cricket ball) weighing 5,5 oz. rises toa height of 68 ft 
vertically jand drops into: a “fielder’s hand. 4 ft above the. ground. 
The fielder brings the ball to rest in.1/10-s, Calculate. (i), the speed 
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of the ball as it reaches the fielder's hand, (ii) the average force in 
]b-f that must be applied in stopping it. (16 OZ=1 1b) io Sa 
[ 64 fis-1, 6,88 Ib-f. J 
91. A mass mg is acted upon by a uniform force of F dynes under 
which intsit moves a distance S cm from rest and acquires 8 
velocity of v cm s7*, Show that $3 A and t= T WM 
92, A load W is raised by a rope from rest to rest through a 
height h, The greatest tension which the rope can safely bear is 
aW. Show that the least time in which the ascent can be made is 


2nh 
t lena 
A - Ug b 
93. Sand drops vertically at the rate of 2 kg s-*-on to a conveyor 
belt moving horizontally with a velocity of 1 ms-!, Calculate (i) 


the extraspower needed to keep the belt moving (ii) the rate of 


change of kinetic energy of the sand. [ 0:02 watt, 0.01 watt ] 


94, Three blocks, A, B, C are connected by means of a string ou 
a horizontal, frictionless table, The masses of the blocks are 10, 20 
and 30 kg respectively, Tension between A and Bis T,, that between 
Band C is T, and the whole system is pulled by a force of 60 N., 
Find the tensions T, and T,. [ 10N, 30N. ] 

95, A goat weighing 10 Ib is standing on a flat boat so thatit is 
20 ft from the shore. It walks 8 ft on the boat towards the shore 
and then halts, How far isthe goat from the shore 7 The boat 
weighs 40 Ib and assume that there is no friction between water and 
and the boat, [ 13°6 ft J 


. 96, A boat on a lake is perpendicular to the shore and faces it 
with its bow, The distance between the bow and the shore is 0.75 m. 
Initially the boat was stationary. A mam steps from its bow to its 
stern, Will the boat reach the shore if it is 2 m long ? If not what 
Will be Ihe length of the boat. so that it will reach the shore ? 
mass of the boat is 140 kg and that of man 60 kg. o sag M 

- [No ; more than 2,5m.] 

i 97. A 100 km/hr wind blows ieee against one wall ofa 

ouse having an area of 50 m*, Calculate oe exer 
wall if the air moves- parallel to the wa!l after striking i wind a 
density 1134 x 107° gm cm-?...(J. B. E. 281) ^ x : N] 
98, By what fraction is the kinetic energy of a neutron of m s 
m, daa in a head on collision with an atomic nucleus eu OE 
m, initially at rest. ? (4 m,m,/(m, * 5) 
99. A railway truck of mass 4x 10" kg m pod 
3 ms-1 collides with another truck of mass 2% 104 kg which 35 z 
£ est, The couplings join and the trucks move off together, a 


22 


The i 


the force exerted on the . 


oving at a velocity of — 


ir i D 
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kinetic energy of the two trucks after collision ? [ 2/3,] 
100. Two trolleys P and Q of masses 0.50 kg and 0,30 kg 
respectively are held together on a horizontal track against a spring 

. which is in a state of compression, When the spring is released, the 
trolleys separate freely and.P moves to the left with.an initial velocity 

of 6 ms~1, Calculate (i) the initial velocity of Q, (ii) the initial 
total kinetic energy of the system, (iii) also the initial velocity of Q 
if the trolley P is held still when the spring under same compression 

as before is released, [ 10 ms7?, 24), 4 /10 msi] 


1-4 ( Friction ) 


[A]. Essay type questions ; 
1. Friction is said to be a ‘self-adjusting’ force, What does this 
' statement mean ? A force is said to have direction, What is the 
direction of the force of friction ? . Is the direction fixed ? 
2. Define coefficients of Static and dynamic friction, Which of 
these two is the more important in everyday life ? 
- State and explain the laws of friction, 
: 3, ‘Friction is useful in many ways though it is wasteful in other 
ways’—Discuss, 
Write briefly the methods of minimising friction, : 
4. Deduce the eqution of motion of a body on a rough surface. 
Define angle of repose and angle of friction and establish 8 
relation between them. | 
Find a relation between angle of repose and coefficient of friction. 
[B] Short answer type questions : 
5. ‘Friction is a self-adjusting force'—Explain. 
6. : Why are the roads made not very smooth ? 
A7. Why should the tyres of motor cycles and cars have rough 
` surfaces ? : 
8. ‘Why are the brake shoes made rough 7 ; 
.:9. ‘We grip a stopper with a piece of sand-paper when there 5 
difficulty in removing the stopper from a bottle, or put a drop of oil 
where the stopper enters the neck of the bottle'—Explain, 
-= -~ 10, Why is it inconvenient. to write on unglazed or overglazed 
paper 7 ONS: 
. 11. If the rails are oiled the wheels of an engine go on turning 
but the engine does not move forward, Putting some sand on the 
_ fails makes the engine move—Explain with reasons, . 
^. 12, A locomotive with a heavy load has difficulty in. starting. 
'. This is remedied by putting sand on the wheel—Why ? 


$ 
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13. .Why should one take short step rather than long when 
walking on ice ? bt 


14. Friction being independent of area, explain why are broad 


belts used in driving heavy mechinary and why are automobile brake — : 


shoes of large area desirable 7 


15. ‘When a body is resting on a rough horizontal plane; no ~ : 


force, however great, applied towards the plane at an angle with the 
normal less than the limiting angle of friction, can push the body 
along the plane'—Explain, : 


16. Take a ruler and place it on your index fingers. Move the . 


hands closet and closer, Note that the ruler will slide alternately on 
the two fingers, sav, first over the right and then over the left, again 
over the right and then over the left, and so on. Explain why, 

17. Two similar roller spin in opposite directions, the right one 
anticlockwise, A metre-scale is supported horizontally by the rollers 


with its céfitre of gravity between the rollers, The scale will be seen - 


to exceute a totand-fro motion, Explain why. 

18. "When a person walks on a rough surface, the frictional force 
exerted by the surface on the person is opposite to the direction of 
his motion'—Is the statement true ? Give reasons in brief, 

[LIT 781] 

19. ‘In the absence of friction, a nail can’t be fixed on the wall 
of a room’—Is it true? Explain. 07 jaa 

20. Machine bearings are often made of one metal while their 
rotating shafts are made of another. Why? ji : i 

21. While pulling a roller, a large force is required to start its 
motion but once it begins to roll, comparatively smaller force is 
found to be sufficient fo maintain its motion, Explain with reasons, 

22, Why are ball-bearings employed in some machine in place 
of sleeve-bearings 7 

23. ‘A block is placed on a horizonal table and is pulled weakly 
by a string but. it does not moye’—how, do,you explain this f 

24, . Why wheels are used imcarriages ? ede 

25, To shift a drum of oil from one place to another, it is easier 
to roll it than pullit. Why ? P Í 

26." A man can not walk in the absence of friction, Is it true? 
Expl.in, m 2 

.27, A chair is resting on the floor, When. will the force o 
friction act etae thentt Where does this force act? Is the 
Magnitude of the force is constant ? otto wily 

28. When a lorry get bogged in mud, it fails to move forward 

though its wheels go on rotating. Explain why f 


4 


4 
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. 29, Space-crafts are so designed as to have a special heat 
shield. Why? i 


30. Why are ‘racing car built in streamlined shape p 


31, How could a person completely at rest in frictionless ice 
cross a pond to reach the shore, rolling, jumping or kicking his feet 7 


32, There is a limit beyond which further polishing of a. surface 
increases rather than decreases frictional forces, Why 7 


(C] Numerical problems : 


33, A box weighing 80 kg can be moved on a rough floor when 
a horizontal force of 20 kg is applied. A man weighing 60 kg finds 
that he cannot push the box because his leather. shoe-soles slip on 
the floor, When he changes to rubber-soled shoes, he can push the. 
boxalong. Explain. e 


How much load should he put on himself to push the box 
without changing shoes if the coefficient of friction between the 
floor and his shoe-soles is 0:25 ? 4 [ 20 kg] 


34, You are pressing on a stone flbor with a stick. When the 
Stick is inclined at more than 10? with the vertical it slips, What. 
is the coefficient of friction ? [018] 


35. A body of weight W is held in equilibrium on a rough 
inclined plane by a horizontal force P. Show that P must lie within 
the limits W tan (+4) where 0 is the angle of inclination of the 
plane to the horizontal and « is the angle of friction. 


36. A body of weight W placed on a rough inclined plane of 
angle of inclination 8 is just prevented from sliding down by the 
application of a force P at an angle 4 to the’ inclined plane. 


Show that P WS (0— «Y ie icti 
ow tha cos (F<)? where «=angle of friction. 

When the body is on the point of moving up the plane show 
that the force to pull it will be least when the angle between the 
force and the plane is equal to the anglé of friction. 

37, An incline rises 3 in a distance of 5, A force of 16 kg 
acting parallel to the plane, just prevents a load of 40 kg from 
sliding down. Find the coefficient of friction, i [025] 

38. A mass of 1001b rests on a rough inclined plane of angle 
30°, If the coefficient of friction is 1/ J3, find the greatest and the 


least forces, which acting parallel to the plane in both cases, can | 


just maintain the mass in equilibrium, [ 100 Ib and 0] 


39. A box weighing 150 Ib is moved at Constant speed across 
a horizontal floor by dragging it by means ofa rope attached to 
the front end. If the rope makes an angle of 30° with the floor and 
the coefficient of friction between the box and the floor is 0 4, fin 
the force exerted by the pulling rope, “ [5631b ] 
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40.. A body of weight 100 Ib is pulled up a rough plane inclined 
at an angle of 45° to the horizontal by a force parallel to the plane. 
If the coefficient of friction is 0*2 find (i) the normal reaction of 
the plane on the body, (ii) the force parallel to the plane necessary 
to just overcome the frictional resistance, (iii) the resolved part, 
down the plane, of the weight of the body, and (iy) the minimum 
force required to move the body up the plane. p 

[ 70°6 Ibf, 141, Ibf, 70:7 Ibf, 84:8 Ibf ] 

41, A body of mass 101b is maintained at rest on a plane 
inclined at 30° to the horizontal, by a string making an angle of 45° to 
the plane, _ If the coefficient of friction is 0:10, what is the minimum 
tension necessary in the string 7 [65 Ibf] 

42, A wooden block of weight 10 Ib is placed ‘on a plane 
at309 to the horizontal, If the. coefficient of friction between the 
block and the plane is 0:30, what upward force at an angle of 20* to 
the plane will just cause the block to move up the plane ? [ 7:29 bf] — 

43, A uniform ladder rests in equilibrium against a vertical — 
wall, If the coefficient of friction between the wall and the ladder, 
and the ground and the ladder is 0:10, find the maximum angle 
the ladder can make with the wall. i [ 11°25") 


44, At what angle to the vertical will à uniform ladder be on 
the point of slipping if placed against/a vertical wallp The coefficient 
of friction between the wall and the ladder is 0:10, and ‘that between 
the ladder and the ground is 0:20. [22712'] 


45.. A uniform ladder, 30 ft long and weighing 40 Ib, rests 
against a wall with its base 10 ft from the wall, A man weighing 
200 Ib climbs to a point 17°5 ft from the bottom before the ladder 
Starts to slip, Find the coefficient of friction between the ladder and 
the gtound, and the ladder and the wall, assuming them to be STE 

46. A man, weighing 180 Ib, climbs a 40 1b, 13 ft ladder with 

s base 5 ft out from a smooth vertical wall. What must be the 
coefficient of friction between the foot of the ladder and the ground 
if the man is to be able to climb the top of the ladder 7 38 


47. A rectangular block with a square base of 4 inches edge rests ' 
on a rough table. A force is applied to it perpendicular to one of 
the vertical faces, It is found that if the point of application is less 
than 5 inches above the table, the block slides ; if higher it tips 04 
Find the coefficient of friction. TUM ph : 

48. A piece of ice slides down a 45° incline in twice the tim: 
takes.to slide down a frictionless 45° incline, What is the coomo 
of knietic friction between the ice and the incline 7 if ] 


, it hé he 
49:1 A rope so lies on a table that part of it hangs over. T 
tope begins to dde when the length of the hanging part is 25% of 


Lo: 
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the entire length, What is the coefficient of friction between the 
table and the rope ? 


_ 90. A force of 10 kgf parallel to a plane of inclination 60? is 
required to keep a 10 kg block moving up the plane with constant 


51. The minimum force required to move a block Up a rough 

| plane inclined at an angle of 30° to the horizontal was found to be 
five times the minimum force needed to move the block down the 
plane, If the forces act parallel to the plane, find the coefficient of 
friction between the plane and the block, [ 0:866] 


floor by a 100 kg force making an angle of 60° with the vertical, 
How far will the sledge move: from rest ‘in 10s. Given that 
the coefficient of kinetic friction=0,2, * [ 138-67 m] 


I-5 (Uniform circular motion ) 


[A] Essay type questions : 


l. Explain the. terms angular displacement, angular velocity. 
periodic time and frequency in angular motion, , 

. , For motion in a circle, how are the first two related respectively 
to the linear displacement and linear velocity p ‘ y 

2. . What kind of force is necessary to make a particle move in 
a circle with a Constant angular velocity ? What is the name of 
this force p . Find its magnitude and direction. 

3. Distinguish between centripetal and centrifugal force, Why 
do we call the former @ true force, and the latter a ‘pseudo’ of 
‘fictitions? force $ : 

Distinguish between a centrifugal force and a centrifugal reaction, 
giving examples of each,’ 

4, Prove that a constant force directed towards the Seta 
circle is required to make a particle move with a constant spee 
the circle, 

Calculate the magnitudes’ of the centripetal force and’ the 
centripetal acceleration, 


How will the particle move when the centripetal force ceases 
to act p : 
5. (a) Why isa road made sloping at a sharp bend ? 

(b) In the case of a curved railway track, the line away from the 
ceatre of the curve is slightly raised. Waat advantage does it give f 


(c) Explain how a. cyclist Bets the necessary centripetal force 
e n taking a bend on a level road,» 


i 
y. * 
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6. Show that the minimum horizontal velocity with which a 
particle, hanging freely at the end of a string of length must be 
projected so as to describe completely a vertical circle is ,/5g] where 
g is the acceleration due to gravity. Ads 

What is a speed governer 7? E 

boni. How can we express a simple harmonic motion by the projec- 
tion of a point moving with unifrom angular velocity along the 
circumference of a circle of reference on any diameter 7 js 

$. Obtain a mathematical expression for the displacement of a 
particle executiag S. H. M. What is the nature of the time-displace- 
ment curve ? ; 

9. Obtain an expression for the velocity, acceleration, time period 
and force in the case of a S, H. M, Under what conditions will they 
assume maximum and minimum values. nete 

10. Prove that the motion of a simple pendulum is simple 
hermonic and hence find its time period. 


+ 


[B] Short answer type questions : Qn a 
11. Centripetal force is a real force and centrifugal force is a 
‘pseudo’ force—Justify the statement, (H. S. 180) | 

12, Does. the centripetal force do any work? Explain 
with reasons. 


13. Ifa heavy body 
enough, the string will 
to break ? 

14. Can the centripetal force be greater 
ed list i i ‘well of death’ can 

in why a motor-cyclist in a circus 
ride sare r ind of the well without falling down, (LL T.'67) 


iile is PN? In 
16. A stone is whirled in a vertical circle by means of a rope, In 
what positions of the stone is the tension in the rope greatest and 


least, Justify your answer. ; i ! 
17. The driver of a truck travelling with a velocity .v suddenly 
notices a wall in front of him at a distance r. Is it better for him to.) 
apply brakes or to make a circular turn without applying P en ‘ 
order to just avoid crashing into the wall 2 why? (. y i Ke 
18. When a bus takes à sharp bend, the passengers insi e the ; 
bus seem to be thrown outwards, How js it explained by a passenger 
in the bus and a person standing on the road-way p d 8 
19. On a cinema screen a cart moving from left to rig appears | 
to audience to have the spokes move in opposite direction, Explain, 
20, ‘What is the angular speed of the minute and second hands 


of a watch ? 


on the end of a string is rotated rapidly Á 
break, What force causes the string 


than the centrifugal 
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21. In a centrifuse particles can be separated from the fluid, 
Explain the action, 

21. A cylindrical chamber is rotating about a vertical axis, At 
a certain speed of rotation a man seems to be Pinned up against the 
wall. Explain, 

23. Is it possible to rotate a bucket of water in a verticle plane 
without spilling the water ? 


24, A cork is put ona gramophone disc, The disc starts rotating 
but before the final speed is reached, cork flies off, Explain, 

25, Why does the cream separates from the milk, when it 
is charned ? 

26. A cyclist rounding a curve must lean inwards otherwise he 
may fall outwards, Why ? 

27. Why does a small chain set rotating at a high speed roll 
along a floor as though it were a rigid metal loop ? 

28, When a particle moves in a circular path with uniform 
speed, does its acceleration remain unaltered ? 


29, The earth moving about the sun in a circular orbit is always 
acted upon by a force and hence work must be done on the earth by 
this force'—Do you agree with this statement ? (LL T, 730; 


30 A boy sitting in a railway carriage moving with constant 


velocity throws a ball vertically upward, Where would the ball ; 


fall when the carriage goes round a curve when the ball is in air ? 

31. -Why is the earth taken the shape of an oblate spheroid ? 

32. In rectilinear motion a body may move without any 
acceleration, but in circular’ motions it would. always have an 
acceleration. Is it true ? Explain, 

33. Mention the nature of the forces with give rise to certripetal 
force in the following cases—(i) a satellite moving round the earth, 
(ii) electron moving round the nucleus, (iii) railway trucks banked 
. On Curve, (iv) rotation of a stone tied to thread in the horizontal 
. plane, (v) the motion of string when its mid-point is plucked. 

34, Under what conditions a particle will execute S, H, M, ? 
., 92. What property of matter takes the bob of a swinging 
simple pendulum across the mean position to the other side ? 
- [C]: Numerical problems : 
36. The minute hand of a. clock is 50 cm long. What is its 
linear speed ? [ 0087 cm:s-* J 
. ,.97.. If a body. revolves 42 times in a minute along the 
jj circumference of a circle, what will be its angular velocity ? [44 rad.] 

.:38, "A flywheel rotates at 1200rpm, Find its (i) frequency, 
(ii) angular speed, (iii) time period and (iv) time required to turn 
through 72°, - [20 tps, 125*6 rad s-1, 0-05s, 0-01s. 


T. 
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39. Calculate the angular speed of the earth around the sun 

assuming the orbit to be circular, (1 year —365 days. ) i 
[ 1:99 x 1077 rad sztj 

40. A string snaps under a tension of 107 dyne. A stone 
weighing 500 g is tied to it and made to revolve in a horizontal circle 
of radius 50 cm, At what frequency of rotation will the string snap ? 

[ 10/x s-* J 

| Al. If the speed of the cycle is 4 mst and its coefficient of 
friction with the road is 0'3, what will be the shortest diameter of the 
circle the cyclist can take? ( g=980 cm s-*) What will be his 
angle of tilt 7 [10:9 m, 16°42 ] 

42, A motor car moving with a speed of 20 ms-* takes a bend 
of 30 m radius. If the driver weighs 72 kg what is the centrifugal 
force acting at him; How many times is this force greater than his 
weight 7 [ 9°6 x 107 dyn, about 1-4 times] - 

43, What should be the angular speed of diurnal rotation of the 4f 
earth if a person on the equator is to have no weight? How long 4l 
will a day be then in hours? ( Earth's radius - 6400 km ) | 

[ 124x 10-8 rad s*1, about 1'4 hour F 

44. A boy is sitting on a horizontal platform of a joy wheel at a — 
distance of 15 feet from its centre. The joy wheel begins to rotate 
and when the angular speed exceeds 10 rpm, the boy just slips, What 
is the coefficient of friction between the boy and the platform, | 

(g=30 ft s-? )( Delhi ) [0905] . W 

45, A body of 1 kgf suspended by à thread deviates throughan || 
angle of 30°, Find the tension of the thread when it passes through » 
the position of equilibrium, [124N] 

46. What should be the velocity of a cyclist turning over circular 
track of 100 m radius such that his inclination to the vertical is 309p d 

( g=980 cm s) [2379 m $73 E 

47. A mass m on a frictionless table is attached to a hanging mass - 

M by a cord through a smooth horizontal table, Ifmis spinning 
with speed v along a horizontal circle of radius r such that the mass 
Mis at rest, then show that y= A Mg r/m. i 

48. A stone weighing 20 g is tied to 8 sting 10 cm long and set — 
revolving in a vertical plane. If the velocity of the stone at the top |. 
of the circle is 1. ms-*,calculate the jeotisd in Br ae Gis ig A 
stone is (i) at the top of the circle i) at its bottom and (n 
level iid ks ha [ 0004 N, 1:18 N, 0:592 N ] 

49. A smooth circular tube is held firmly in a vertical plane. 

A partical which can slide inside the tube is slightly displaced from 

Test at it highest position in 
tube and the particle in terms ¢ 
placement g from its highest position, 


the tube, Find the pressure between the 
ms of it mass m and its angular dis- 
[mg (3 cos 9-2 )] 


FA 
306 MECHANICS: 


50. A ball of mass M hangs on a string of length 1. A bullet of 
mass m flying horizontally hits the ball headon and sticks to it; At 
What minimum velocity must the bullet travel so that the ball will 


eg E ; (m--M) =- 
make a complete revolution in a vertical circle ? [ 3 45g] 
Sl. A 2 kg ball is swung in a vertical circle with a constant 
angular speed of 60 rpm by means of a wire of length 50 cm. Find 
the tension in the wire i) at the top and (ii) at the bottom of the 
circle, [ 19 84 N, 5904 N} 


52. A small body is tied toa point by an inextensible sting of 
negligible mass and is rotated in a circle of radius 500 cm in the - 
vertical plane, What is the minimum speed that it must have at the 
uppermost point of the circle, so that the string does not slacken? 
What would be its speed and angular velocity at the lowermost point 
ofthe circle if it has the above minimum speed at the uppermost 
point. (I.I. T.’67) (700 cm s-*, 15652 cm s-*, 3:132 rad s-* ] 


53. A small bob of mass 1 g is attached to one end of a string 

20 cm long, the other end of the string being fixed to a point, The 

bob is so projected that it describes a horizontal circle of radius r 

about a point vertically below the fixed point. Calculate the speed 
of the bob if the string makes an angle of 45? with the vertical, 

[ 198 cm s** ] 

54. A motorcycle with its rider has mass of 250 g and travels 

round a curve in a road of 36 m radius, Snow and ice on the road | 

reduce the coefficient of friction between the tyre and road to 02. | 

If the curve in the road is banked to 15° in the motor-cyclist’s favour, 

find (i) the maximum velocity attainable without slipping, and (i) the 

angle the rider must make with the road surface at this velocity, 

assuming that the rider and motor-cycle remain in one plane. 

[ 19:5 ms-*, 78° 4l] 

55. A car moves in a curve of radius of curvature R, The 

width beween the wheels is b and the height of the centre. of gravity 

from the ground is h. With what velocity must the car move I 

order that the vertical force on the inside wheels shall be reduced 


to zero ? [ JRgb/2h) 
56, A bucket-full of milk is being rotated in a vertical circle of — 
-66 cm radius. What should be the minimum speed of rotation SO — 


that the milkis not spilled even when the bucket gets ees i 
g=980 cms-?, [ 252 cms" 


57, An arched bridge is to be so designed that cars may pass 
over the bridge safely at speeds upto 180 km/hr without jumping 
off the road. What should be the minimum or maximum value 
of the radius of curvature of the arch ? (J. E. E.°75) [255m] 


_ and its period of rotation is 24 hour. 
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railway carriage. The carriage passes a curve of radius 65 m at à 


speed of 12 km/hr. Through what angle will the bob deviate ? [ 181. | 


. 59 A car having a mass of 100 kg travels round a horizontal 
circle of radius 30 m. The height of the centre of gravity is 320 mm 
above the road surface and the truck width between. the wheels is 


60. Calculate the acceleration of a particle at the equator of 


the earth due to its rotation. The radius of the earth is 6600 km 


[0035 ms'*] 

61. Two disks are mounted 40 cm apart on an axle, The axle. 
with disks rotates with uniform angular velocity of 3000 rpm, 
A bullet flying parallel to the axle pierces both the disks, The hole 
in the second disk is displaced with respect to that in the’ first one 
by an angle of 18°. What was the velocity of the bullet ? nol 
[400 ms-* ] 
62. A small body of mass m is placed on the top of a smooth 
sphere of radius r. If the body slides down the surface of the sphere, 
at what point does it flies off the surface 7 [ At a point which 


makes an angle of cos ~* (8) with vertical radius ] 4 
63, The bob of à simple pendulum weigh mg, Itis pulled ' 


from its position of equlibrium through an angle 0 ‘and than released. 
Show that the tension of the thread when the bob passes through the 
position of equilibrium is given by mg (3 —2 cos 6). ] 

64, A heavy particle at the end ofa tight string of length 20 cm, — 


the other end being fixed, is allowed to fall from a horizontal position | 


of string. . When the string is vertical it encouoters an obstruction at 
its middle point and the particle continues its motion in a circle of © 


radius 10 cm, Find the height the particle will attain before the 1 


string slackens. 


i} 


[1666 cm} 


65. A body weighing 100 g vibrates in SH.M, with a > 


period. of 5s, and an amplitude of 15 cm, Find its velocity, 
accleration (i) at the mean position, (ii) at the end of the path and 


(iii) at a point 1 cm from the mean position, 


0; 02:38 cms-* 5 1:41 cms7?, 1°58 ems? ] - 
SH.M. The effective ` 
25 cm, What is 


66, A particle of mass 5 gis executing >: 
force .on it is 1280 dyne when its displacement 15 
the time period ? 


[189 cms-*, . 
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1-6 ( Accelerated rotation ) 


[A] Essay type questions : 

1. Explain what is meant by angular acceleration, For motion 
in a circle how it is related to the linear acceleration, 

2. What is meant by angular momentum of a partical about a 
point? Find how it is related to the moment of the force acting, 
What is the importance of the moment of a force ? 

3, What do you understand by the term torque p What is the 
moment of a force about a point? What is the importance of a 
torque in angular motion. ? 

4, Explain the terms couple, moment of a couple, arm ofa 
couple, Give examples of couples, How cana couple destroy the 
action of another p What is meant by the axis of a couple 7 

5, Explain the principle of conservation of angular momentum 
with suitable examples, 

[B] Short answer type questions : & 

6, The force applied to a point near to the rim of a wheel 
produces greater amount of motion— Explain, 

7. Why do we prefer long arm wrench to remove a tight bolt ? 

. 8. Itis easier to open or close a door by pushing or pulling near 
its outmost edge than by pushing or pulling near the hinges—Explain, 

9. Why does a diver, diving from a high platfrom, get a good 
number of scmersaults if he curbs his body more ; 

Teed On, At what point should a force be applied to a wheel at rest 
in order that it produces no rotational motion ? 

11. A man stands on a rotating turntable with his arms ‘outstre- 
tched, What will happen when the man draw his hands towards 
his chest 7 

12. A cannon is at the centre of rotating platform, rotating about 
a vertical axis, A shell is fired in a horizontal direction along the 
radius of a platform, “Will the velocity of rotation change ? 

13. Will the angular velocity of earth decrease if a heavy meteor 
‘hits the earth from the sky ? 

14. A heavy weight isfitted at one end B of a light rod AB, 
When will the rod fall faster, when pivoted at A or when at B? 

15, When a torque is applied on a rigid body free to rotate 
about an axis, the angular acceleration produced depends not only 


‘upon the'size and the shape of the body but also upon the distribu 


tion of its mass with respect to the axis of rotation—Explain. 


16. Prove that if the earth suddenly contract to half its radius, 
the length of the day will be shortened from 24 hours to 6 hours. 


T 


* d 


” EXERCISES bu 


17. Moment of inertia is the rotational analogue of mass of a 
body— Explain. 

18. Why is barrel of a rifle spiraled 7 

19. ^ Why pole-star appear to be fixed relative to earth 7 


[C] Numerical Problems : 

20.. A. fly-wheel of radius 50 cm increases its speed from 720 
rpm to 1440 rpm in minute, Calculate (a) its. angular acceleration 
in rad/s? and (b) linear acceleration in cm/s* of a point on its rim. 

(1256 rad/s*, 62:8 cm/s* ]. 

21. A wheel is uniformly retarded by braking and its velocity of 
fotation drops from 300 to 180 rpm in one minute, The moment of 
inertia of the wheel is 2 kgm?. Find (i) the angular acceleration of 
the wheel, (ii) the braking moment, (iii) the number of revolutions 
completed by the wheel during this minute, (iv) the work done in 
braking. { 0:21 rad/s*, 0:42 N m, 240 rev, €30 J. } 

22. A fan rotates with a velocity of 1500 rpm. When its motor 


"is switched off, the fan has uniformly retarded rotation and makes, 


150 revolutions before it stop, In how much time the fan stops 
after it has been switched off 7 [12s] 

23. An engine having wheels of radius 40 cm changes its speed 
from 25 to 50 km/hr in 5 s, Calculate the angular acceleration of 
the wheel, [ 3:47 rad/s? ]. 
. 24, A uniform circular disc of mass 50 g and of radius 10 cm. 
is acted upon by a torque consisting of two equal and opposite forces 
applied tangentially to the rim from the extremities of a diameter. 


perpendicular to its plane. What should be the magnitude of each 
force so that the disc may rotate with an angular acceleration of 20: 
rad/s? p What is the kinetic energy transferred to the disc after 
2 seconds ? [ 

25. A light horizontal bar is 10 m long. A3 kg force acts 
vertically upward on it 25 cm from the right hand end. Find-the 


t 7:35 Nm ( clockwise ), 
His ato 286:6 xl ( counter clockwise )] 


26; "A circular disc of mass 100 g and radius 10 cm revolves 
at the rate of 30 rpm about a vertical axis passing though its centre. 
A piece of wax of mass 20 g is slowly dropped on the disc at a point 
8 cm from the centre, What will be the tate of rotation of the 
disc now 7 [32 rpm. ] 

27. A flywheel has moment of inertia 0-1 kgm’. What 


torqué is required to increase its'speed from 
constant unbalanced torq q 1956 Nm ] 


3 rpm to 9 rpm in 18 revolution ? 
28. -A wheel is rotating about its axis with constant angular 
acceleration of 2 rad/s”, It turns through an angle of 500 radians 


l 
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in.5 second. It is started from rest, what was its angular velocity 
at the beginning of the 5 second interval ? [ 95 rad/s, ] 

29. The driving shaft of an engine revolves 1800 times. per 
minute and transmits 200 hp. Find the torque exerted, ( 583°6 filb] 

30. A boy spins a top by pulling on the sting wound round the 
top at an average distance of 1 cm from the axis, His pull is 0°15 kg, 
His hand holding the string accelerates at the rate of 2 m/s*. What is 
the M. I. of the top 7 [ 735 gm cm? ] 

34, A cylindrical fly-wheel of 500 g and radius 8 cm is caused 
to rotate by a 200 g mass attached to one end of a string which 
passes round the fly-wheel, the other end being attached to the 
wheel. Find the tension in the string and the angular acceleration 
of the fly-wheel. [ 185 gf, 9 1 rad s*1 ] 


29, A fily-wheel is mounted on a horizontal axle of radius 
3:0 cm, It is let in motion by a falling mass of 200 g which is 
attached to a light string passing round the axle and fastened to it, 


wheel continues to rotate for 10 revolution after the mass has 


| * reached the ground, find (a) the moment of inertia of the wheel, 


(b) the tension in the string, [65x 105 gcm” 1994 gf] 
1-7 ( Statics ) 


[^ (A] Essay type questions : 


H 
i 


1. Under what condition will a number of forces acting on à 
: body fail to produce an acceleratron in it ? 

Under what condition willa number of forces acting ona body 
fail to produce a rotation of the body ? 

2, What is the difference between a body being at rest'and being 
at equilibrium 7 

State the conditions of equilibrium of a body. 

3. Find the relation between three coplanar forces which, acting 
on a particle, keep it in equilibrium, 


a body. What characteristic properties do these two points have ? 
"When are these two points the same? When is it not proper to 
speak of a centre of gravity ? j 

5. Explain how the centre of gravity of a body distinguishes 
the stable, neutral and unstable equilibrium of a body, iN 

6, What are like and ‘unlike parallel forces? How can you 
find the resultant of a number of unlike parallel forces 7 

7, What is a couple 7 What is the torque of a couple? What 
is the effect of couple on a body ? ; 


TOTNM 


The mass falls a distance of 120 cm to the ground in 12 s, . If the ` 


4, Distinguish between centre of gravity and centre of mass of | 
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[B]. Short answer type questions : ' 
8, A parachute falling with constant velocity. Is it in 
equilibrium ? i 
9, When will three concurrent forces produce equilibrium ? 
10, What is meant by the equilibrant of forces 7 ; ; 
1l. What is the difference between centre of gravity and centre 
of mass ? 
. 12, A body is held on an inclined plane, What factors would 
determine whether it would remain at rest or get upset 7 Explain. 
13, When do the centre of gravity and centre of mass of a, body 
coincide 7 
. 14, -A picture hangs from a wallby two wires, What orientation 
should the wires have to be under minimum tension? - 


15, Is it possible that the centre of gravity of a body may lie ' 


outside the body ? 

16, Why is it easier to stand on two legs than on one leg ? 

17, ‘For body executing a pure translational motion its mass may 
be assumed to be concentrated at the centre of mass' —Explain, 

18. Why bipeds require training to walk but a quadrupeds 
can not 1 

19. A tradesman uses a false balance, the lengths of the two 


arms of the balance are 1, and 1, respectively. He weighs out two . 
customers w kg of tea leaf as indicated by his balance But in serving | 


* 


one of the customers he puts the weights in one pan while in serving 
the other he puts them on the other pan. How much do he gain 
or lose by this 7 f / a 

20. Show that for a body to be in equilibrium under the action 
of three non parallel forces, the forces must be coplanar and 
concurrent, A 

21, Where is the centre of gravity of the system made of the 
earth and the moon ? hs ; 

22, A ladder is at rest with its upper end against wall and the 
lower end on the ground, Isit more likely to slip when 4 man 
stands on it at the bottom or at the top T : 

...23.. Can two coplanar and unequal forces acting on a. body keep 
it in equilibrium ? i i 1 

24 A homogeneous beam whose weight is G lies on a floor. 
The coefficient of friction between the beam and the floor is k 
Which is easier for two men to do—turn the beam about it centre or 
move it translationally ? 

25. Three forces are acting on @ 
them being of equal magnitude. If these 


body simultaneously, two of ^ 
iwo forces actin opposite 
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oS ne at different points, the body cannot remain in equilibrium, : 
y? i 

26. While walking on a rope in a circus, why acrobat swings to 
and fro ? 

27. If a force acting on a body be so directed that its line of 
action passes through (i) the centre of mass of the body, (ii) any point; 
other than the centre of mass of the body, what would be the nature 
of motion of the body in each case ? 

28. “A homogeneous rectangular brick lies on an inclined plane, 

^What half of the brick exert a greater pressure on the plane ? 

29. A ping-pong ball is floating on the top of a vertical water 
jet. Is it in stable, unstable or in neutral equilibrium in the vertical 
direction 7 (I1, T.*73) 

30. Why is it dangerous to stand on the upper deck of a double 
decker bus ? 

31. A body freely suspended from a fixed point rests with its 
C. G. vertically below the point of suspension. Explain. 

32, A stick balanced on the finger remains in neutral equlibrium. 
Explain why ? d F 

33, At what coefficient of friction will a man not slip when he 
runs along a straight hard path? The maximum angle between à 
vertical line and the line connecting the man’s centre of gravity with 
the point of support is 6. 1 

34, Do the centre of mass and centre of. gravity coincide for 9 
building ? For a lake 7 


35. Which is better—Carry load in one hand or in two hands f 


36, Is the centre of gravity of a body change if the orintation of 
the body changes ? 


47. A man bays 3 kg of rice. To check that the weight is 
correct he collect a metre scale and a spring balance reading upto 1kg. 
How can he check the weight of the rice with this equipment ? 


[C] Numerical problems : ao 
38. Forces of 30, 20, 60 and 60 gf acts on a particle in directions 
south, east, north and west respectively, Find the magnitude an 
direction of their resultant, What is meant by the *equilibrant" A 
these forces ? ^ [ 50 gf inclined at an angle tan-14/3 with the nor 
towards the west. 


39. A body weighing 500 g is suspended from the middle : 
straight horizontal string 200 cm long, As a result the centre. of f 


string is depressed by 25 cm. What is the tension in the string wy 


the load on ? about 2060 8 à 
40, -A 3 metre long plank is supported horizontally at the pr? 
by two strings. A man weighing 72 kg sits on the plank at a distan 
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of 1 m from one end, What are the tensions in the strings? Ignore 
the weight of the plank, [ 48 kef in the nearer string and 54 kef 
i in the other. ] 
41. A lever of 2 m long and weighing 4 kg has its fulcrum 50 cm 
from one end. If a weight of 16 kg is suspended from tlie end 
nearer the fulcrum, what force at the other end will be required to. 
keep the lever in equilibrium 7 [4 kef] 
42, Two unequel forces inclined at a certain angle act ona 
particle. Show that the resultant is nearer’ the greater force, 


43, A non-uniform beam, 16 m long rest on two pegs 9 m apart. | 
with the centre midway between them. The greatest mass that can 
be suspented in succession from the two ends without disturbing the 
equilibrium are 4 kg and 5 kg respectively. Find the weight of the 
rod and the position of the point at which its weight acts, cà 

[ 3°5 kg, 05 m from the centre, ] 

44 ABCD is a square, each side 2 m long. Forces of magni- 
tude 1, 7, 24,4, 10 J2 and 13 ,/2 kgf are acting along AB, BC, CD, 
DA, AC and BD respectively. Find their resultant, ( 86 kef] 

45. A load weighing. 50/3 kg is supported in equilibrium by 
two ropes, one horizontal and the other in a direction” 30° with ‘the: 
vertical, Find the tension in each rope. [ 100 kef and’50 kgf ] 


46, Two men are carrying à load of 45 kg placed on a rod 


whose ends are resting on the shoulders of the men. Tf the load be 


3 and 5 m from the other, find the weight 
m away from one man i «i 9 kg 281 wd 


carried by each man, 

41. If C, and C, are the centres of gravity of two portion of a 
body of weights W; and Wa respectiverly and C, the:centre of gravity, 
of the entire body show that 
cc... We. CG. and, o7 

Wit, 1 s phys s MC 

48. A unifrom horizontal beam AB 40cm long and we 
r kg is (p at A to a vertical n sgh by a wire from 

to a point on the wall 30 cm vertically al j 
of 30 d hangs from the beam at a stance of 30 cm from aig 
Find i) the tension in the wire, (ii) the push of woes Gait 
teaction at the hinge. [ 50 kef, 40 kgf, 427: pf at an. 

20°33 with the horizontal. ] 


149... A beam weighing 100 Ib stands 3 
angle of 30° with pen vr resting against a smooth irr reip 
fe other-end on the ground, Ihe ita d thé beam is- 
the wall by a horizontal rope sot it may not sup. 
i the bear divides the length of the beam 10 the ratio 3 : ü tori 
the tension in the rope. | M B 

50, Two force P and Q-—one parallel to the length andthe: other 


"1 
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parallel to the base of an inclined plane can separately keep a body of 
weight W at rest on the inclined plane, Show that Bo wa 


If R and S are respectively the forces of reaction acting on the 
weight, prove that RS=W?. 

51, A unifrom ladder weighing W resting against a rough vertical 
wall and on a rough floor, It is inclined at an angle 45° with the , 
horizon, If u, and |^, be the coefficients of friction at the floor and 
the wall respectively then show that the minimum horizontal force 
that can move the lower end of the ladder towards the wall is given 


Wi1+ 2h, -m Pa) 
by ——————^ 
"B ; 21 —u3;) 
| 52. A uniform iron beam is carried by three men, one is holding 
li the beam at one end and the other two support it by means of a 
jJ? cross-bar placed underneth. At what point of the beam must the 
ik bar be placed so that each may carry one-third of the weight of 
the beam ? ( 1/4 length from free end. } 


il 53, A uniform plank 6 m long and weighing 60 kg leans against 
l a smooth vertical wall and stands on the level concerte floor having . 
| co-efficient of sliding friction equal to 0'3. Find the distance of the 
| plank from the wall at which it will just start to slip. (J. E. E. °79) 
I [309m] 
ill 54, ‘Two like parallel forces P and Q acting on a rigid body has 
| a resultant R. . If the forces interchange their points of application, 
the resultant R is displaced through a distance x, Show that 


x=>— y where y is the distance between the points of application 


of the forces P and Q, 

55. A wheel of radius 4o cm rests against a step of height 20 cm" 
What is the minimum horizontal force F, which if applied perpendi- 
cular to the axle will make the wheel climb up the step. The mass of 
the wheel is 2 kg. (LL T.*76 [246 kgf. ] 

56. A heavy homogeneous sphere is suspended from a string 
whose end is attached to a vertical wall, The point at which the 
string is fastened to the sphere lies on the centre of the sphere. 
What should the coefficient of friction p between the sphere and 
wall be for the sphere to remain in equilibrium 7 [521] : 

57, A dumbell with spherical masses 13608 g and 2268 g ate 
connected by a wire of length 2096 cm, It is set to 180 rpm an 
thrown up. Find the tension in the wire, (I.I. T. 69) [ 18-78 kgf] 

58, A table has a heavy circular top of radius 1 m, and mass, 
20 kg. It has four light legs of length 1 m fixed symmetrically 08 
its cicumference, Then (i What is the maximum mass that b t 
placed anywhere on this table without toppling the table ? (i) Wha 
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is the area of the table top over which any weight may be placed 
without toppling it ? (LILT.74) [483 kg, 2m*] 
59. A flexbile chain of weight w hangs between two fixed points 
A and B, at the same level Find the tension in the chain at the 
lowest point and the force exerted by the chain on each end point, 
[ à w cot 6, w/2 sin 9 tangent to the chain, ] 
60. A metal square of uniform thickness and side 18 om is 
divided into four equal triangles by drawing the diagonals and one 
of the triangles is then cut out, Find the position of the C. G. of the 
remainder. [2 cm away from the vertex of the removed traiangle. ] 
61. Acircular plate of uniform thickness has a diameter of 56 
cm. A circular portion of 42 cm is removed from one edge of the 
plate. Find the position of the centre of mass of the remaining 
portion, (I. I. T. 80) [ 9 cm away from the centre of 
the removed portion, ] 
62. Calculate the maximum height of uniform cylinder of dia- 
meter 8 cm that can be placed on its base on a rough inclined plane 
of angle 30* without the cylinder toppling over. [ 13.856 cm. ) 
63. A rectangular beam of thickness t is balanced on.a curved 
surface of a rough cylinder of radius r, Show that the beam will 
remain in stable equilibrium if r>t/2, 
64, A square hole has been punched out of a circular sheet in 
such a way that the radius of the circle is a diagonal of the square, 
1f d be the diameter of the circle, show that the C.G. of the remaining 


position of the sheet is at a distance of .—— d from the centre of 


$m 
the circle. i 

65. A wheel of mass M can revolve in a vertical plane and slide 
down on inclined plane inclined at an angle ¢. Show that if a mass of 


m be attached to the rim of the wheel, it will attain stable equilibrium 


ifsing < M = The slipping along the plane may be ignored, 


1-8 (Work, Power and Energy) 


[A] Essay type questions ; 

1, Define work, Distinguish between work done by a force and 
against a force, giving two examples of each. 

2, What is meant by energy ? What is mechanical energy ? 

Prove that kinetic energy of a body of mass m moving with a 
velocity v is 3mv*. 

Calculate the increase in kinetic energy of a body which moves a 
distance s in the direction of the applied force F. 

3. .What is potential energy 2 What do you understand when it 
is said that the gravitational potential energy is mgh? 


a o MM 
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Prove that a body moving freely under gravity has a constant 
mechanical energy (that is, the sum of its kinetic and potential 
energies is a constant ). Consider the case of both rise and fall, 

4, Explain what is meant by ‘Conservation of energy’, What is 
an isolated system ? 

5. Explain the equation W= Fs cos 0 relating to work done by 
a force, What willl be the interpretation of the equation if 9 is 
greater than 90° ? 

.6. Define the terms joule, erg and watt, How are they related t 
What is a killowatt-hour ? 

Distingvish between momentum and kinetic energy, 


7, What do you mean by work done by a couple; Find ap 


expression for it, 

State work-energy principle. 

8. (a) Justify the principle of conservation of energy with 
referenc to a body sliding down an inclined plane. . 

(b) Deduce an expression for the total energy at any instant of 
a body sliding down an inclined plane. 

9, What are meant for a conservative aud dissipative force 
Prove that the gravitational force is conservative but the frictional 
force is dissipative. 

10. (a) Justify the principle of conservation of energy with 
reference to a swinging pendulum, 

(b) Prove that a projectile obeys the law of conservation of energy. 

(c) Obtain an expression for the elastic potential energy of a 
stretched spring of unstretched length 1,. 


[B] Short answer type questions : 
. ll, Ina tug-of-war, team A is defeated by team B, Which team 
did work against the other p Explain your answer. 

12, A man is rowing a boat upstream, but is unable to advance 
relative to the bank, Explain whether the man who is in the boat 
is doing work or not. 

13, Does an applied force always do work ? 

14, When a gun fires a bullet, who does work-the powder of 
the bullet? What kind of transformation of energy. that occuss in 
this case ? 

15, A motor car is moving with a constant velocity on à level 
road, In such a case there will be no unbalanced force on the car. 
Is work being done anywhere p Explain your answer. : 

16. ‘The power of an engine is 10 hp'— What is the pes 
of the statement ? (H, 8.8 

17. What is meant by *No-work force’. Explain with example, 


—— 
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18. Under what condition the work done by a force is positive, 
negative and zero. 

19. Give an examples of a force acting on à moving body, but 
doing no work. , 

20. When a watch is wound, what type of energy is stored in it 

21, A force acts on a body whose velocity changes thereby, 
Prove that the change of kinetic energy is equal to the work done 
by the impressed force, 

22. Isit possible fora body to prossess negative value of the 
potential energy ? Explain your answer with a suitable example. 

23. What is meant:by conservative system ? sit ever possible 
that such system can exist in nature 7 

24, In the motion of a simple pendulum, show that the work 
done by the tension in the string is Zero. : 

25. Does the work done in raising a body to a certain Feight 
depend on how fast it is being raised 7 Is power? 

26. Deduce the relation between kilowatt and horse power. 

27. What is the relation between kilowatt hour and joule p 

28. A man rises in a lift carrying a bucket of water. Explain 
(a) if any work is done by the man on tbe bucket of water, and (b) if 
ihe energy of the bucket of water would remain unaltered, ( H.S. "78 ) 

29. Differentiate between gravitational potential . energy and 
elastic potential energy. 

30. A man is swiming upstream in such a manner that he is 
stationary with respect to the bank. Is he doing any work 2 

31, When a body moving in a circular orbit it is acted upon by a 
force, Is that force doing any work on the body? — 

32, When two boys play catch on a train, does thë kinetic 
energy of the ball depend on the speed of the train ? 

33, Two identical springs, one of steel, the other of copper, are 
stretched with identical forces. On which operation must more 
work de expended 7 ( Young's modulus of steel is greater than that 
of copper. ) j : 

34, What is the change in the potential energy of a body raised 
through a height h in water ? The density of the body is a 
that of water is dg, where d> do. The volume of the body is v. 

35. How do you explain the fact that when a stone is dropped 
on the ground, the change in the momentum of the earth is equal 
to that of the stone, while the change in the kinetic energy of the 
earth is neglected 7 

36. How should the power of a pump motor change for the 
pump to deliver twice as much water in unit time through a narrow 
orifice ? Disregard friction, 
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37. A lift loses potential energy in comming down from the top 


ofa building to a stop at the ground floor, What happens to its 


. potential energy ? 
38. Cana boly have energy without momentum and momentum 
without energy ? 
‘ 39, Ifa body of mass m possesses kinetic energy E, show that 
, its momentum is ,/2mE. 


40, A body falls freely from rest under gravity acquire a velocity 
> v by losing its potential energy V. Find the mass of the body. 
41. A heavy body and a light body possess equal momentum, 
^ Which one will have a larger kinetic energy ? 
42, A lorry and a car moving with the same kinetic energy 
' are brought to rest by the application of brakes which provide equal 
retarding forces, Which of them will come to rest in a shorter 
, distance 1 (LLT'$) 
43. When a gas-filled balloon rises up, its gains both kinetic 
and potential energy, How does the principle of conservatio 
energy hold in this case p 


4. Is the resistive force of air a conservative one ? 
` 45. When a compressed air is allowed to do some work, what 
X type of energy is stored in it 7 
(.. 46. ‘Work is always done against friction, work is not done by 
friction —Explain, 
.. 47. . A meteorite burned completely in the atmosphere before 
it reaches the earth's surface, What happened to its energy 7 


43. Explain why a falling body becomes hotter when it strikes 
the ground, 


49, ‘A system of bodies has always a tendency of remaining in 
„a position where the potential energy is minimum’—Explain, 
"50. A boy tries to raise a bucketful of water but fails to do so. 
What is the amount of work done ? 
„„ „ 5L. The acceleration due to gravity on a planet is 196 cm s.~" If 
it is safe to jump from a height of 2m on earth, find the corresponding 
‘safe height at the planet, (1 LT) 
52, Two similar safely-pins, one open and the other closed 
are put into two separate cups containing the sam: acid of equal 
volume. Both the pins get dissolved in the acid, Which cup will 
“be at higher temperature 7 


53. The driver of an automobile travelling at a speed of v 
suddenly sees a wall at a distance d dircetly in front of him. To 


avoid crashing, is it better to slam on the brakes or to tern sharply 


away from the wall p 
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54, Alight and a heavy body posses equal kinetic energies 
Which one will have a greater momentum 7 i 
55, The work done by a resultant force is always equal to th 
change in kinetic energy, Can it happen that the work done by one 
of the component forces alone will be greater than the change in 
kinetic energy ? It so, give example. 
56: Explain, using work and energy ideas, how a child pumps a 
-swing up to large amplitude from a rest position. 
57. Two disks are connceted by a stiff spring, Can one press 
the upper disk down enough so that when it is released it will spring 
back and raise the lower disk off the table p Can mechanical energy 
«be conserved in such a case ? 
58. An object is dropped and observed to bounce to one and 
- one-half times its oniginal height. What conclusion can you draw 
"from this observation 7 


59. Moutain roads rarely go straight up the slope but wind up 
"gradually. Explain why. 7 : 
60, A boy of mass M can throw a stone of mass m with a 
horizontal velocity v, leaning against a wall, With what velocity can 
“he throw the stone putting on sketting shoes on the ice ? Will the boy 
do work in both the cases at the same rate? What is the relative 
"velocity of the stone with respecct to the boy in the second case ? 


.[C] Numerical problems : 
61, What is the K.E, of a 100 g bullet fired with a velocity 
-of 400 m/s ? ( 8000 J ] 
62, How much work is required to build a column 12 ft high of 
:4 marble-blocks each 2 ft thick and weighing 500 Ib? [ 15,000 ft-lb ] 
63, A train weighing 105 kg starts from rest and acquires a speed 
-of 12 m/s in one minute, How much work has been done on it 7 If 
the engine can pull the train with a constant speed of the above value, 
-what is the power of the engine in killowatts? [ 72x 105 J, 240 kw ] 
64, A cloud 5 km about the ground condenses into rain which 
collects 1 cm deep over an area of l0* m°, What is the loss of 
-potential energy of the cloud ? [98x105 J] 
65, A boy weighing 60 kg ascends 32 steps, each 25 cm high, 
„in 10 scconds, What power in kilowatts did he expend ? [0:59 kw J 
66. A 5 kw motor lifts water to a height of 10 m above the 
"water level, If the efficiency of the pump is 80%, how much water 
-will be lifted per minute 7 [ 2570 litre ] 
67. Forces of 1 kg each act on masses 10 kg and 40 kg. Find 
the ratio of the times required to give them (a) the same momentum, 
((b) the same kinetic energy. [ Equal times, 1 : 4] 
68. A pile driver drops a ball weighing 250 kg from a height 
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of 5 m on a pile, the pile sinks 2'5 cm into ihe ground; What is the 
average resisting force of the ground ? [ 5x10* kgf] 

69. A stone weighing 2 kgf fell from a certain height during 
1:43 s, Find the kinetic and potential energy of the stone at half 


the height, (g—98 ms?) [ 98 2.J (both)] 


70. Astone is thrown horizontally with the velocity of 15 ms! 
from a tower with a height of 25 m, Find the kinetic and potential 
energy of the stone in one second after motion begins, The mass 
of the stene is 02 kg, (g=9'8 ms?) [ 322 J, 394] ]; 

71. A stone is thrown at an angle of 60° to the horizon with a 
velocity of 15 ms-*, Find the kinetic, potential and total energy of 
the stone (i) in one second ofter motion begins, (ii) at the highest 

point of the trajectory, The mass of the stone is 02 kg. (g 9:8 ms’) 
[6:63, 15:9 3,225 3, 577 J, 16 8 J, 2257]. 
72. The work spent to put a shot at an angle of 30° to the 


horizon is 216 J, In how much time and how far from the point of | 


throwing will the shot fall to the ground p ` The shot weighs 2 kgf. 
(298 ms-?) [ 155 s, 19:1 m] 
. 73. A material particle with a mass of 10 g moves along a 
ircle having a radius of 6'4 cm with a contant tangential acclerations.. 
Find this acceleration if the kinetic energy of the particle becomes 
equal to 8 x 10-* J by the end of the second revolution after motion 
beings, [01m] 
74, A body with a mass of 1 kg slides down an inclined plane 
1 meter high and 10 mìlong., Find (i) the kinetic energy of the body 
at the base of the plane, (ii) the velocity of the body at the base | 
(ili). the distance travelled by the body over the horizontal part of the 
route until it stops, Assume the coefficient of friction to be constant 
over the entire route and equal to 0°05, {49 J, 31 ms-*, 10 n] 


. T$. A motor vehicle with a mass of 2 tons runs up à grade of 
lin25, The coefficient of friction is 8 per cent, Find (i) the work 
performed by the vehicle engine over a distance of 3 km, (ii) the- 
power developed by the engine if this distance was covered in: 
4 minute, [7x106 J, 294 kw y 

76. Find the power developed by the engine of a vehicle with 
a mass of 1 ton if it moves at a constant speed of 36 kmfhf,. 
(i) over a level road, (ii) up a grade of 1 in 20, (iii) down the same 
grade, The coefficient of friction is 0'07, ( 69 kw, 11-8 kw, 198 kw y 
71. The constant force resisting the motion of a car, of mass 
1500 kg, is equal to one-fifteenth of its weight. If, when travelling: 
at 48 km/hr, the car is brought to rest in a distance of 50 m bY 
applying brakes, find the’ additional retarding force due to tbe: 
brakes ( assumed constant ) and the heat developed in the brakes. 
1667. N, 83330 J ]! 
78. A 100 Ib block of ice slides down an incline 5 0 ft long an 
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3:0 ft high. A man pushes up on the ice parallel to. the incline so 
that it slides down at constant speed, The coefficient of friction 
between the ice and the incline is 0-10, Find (i) the force exerted 
by the man, (ii) the work done by the man on the block, (ii) the 
work done by gravity on the block, (iv) the work done by the 
surface of the incline on the block, (v) the work done by the 
resultant force in the block, and (vi) the change in kinetic energy 
of the block. [ 52 lbf, — 260 ft-lb, 300 ft-lb, — 40 ft-lb, 0, 0, 

79, A running man has half the kinetic energy that a boy of 
half his mass has, The man speeds up by 1 m/s and then has the 
same kinetic energy as the boy, What were the original speeds 
of man and boy ? - £24 ms}, 48 ms-* J) 

80, Show from consideration of work and' kinetic energy that the 
minimum stopping distance for a car of mass m moving with speed v 
along a level road is v*/204g, where yu» is the coefficient of static 
friction between tyres and road, 

81. A fielder at ‘cover point’ throws a: cricket ball with an initial 
speed of 60 ft/s Wicket. keeper at the same level catches the ball’ 
when its speed is reduced to 40 ft/s. What work was done in over- 
coming: the resistance of the air? The mass ofa cricket ball is- 
53 0Z. i [ 10:74 ft, Jb } 
82, What power is developed by a grinding machine whose wheel 
has a radius of 8 inch and runs at 2 rps when the tool to be sharpened 
is held against the wheel with a force of 40 lb? The coefficient of 
friction between ihe tool and the wheel is 0:32, : 

33, A body of mass m accelerates uniformly from rest to a speed 
vin time t, Show that the work done on the body as a. function. off 


time T, in terms of v and tis m LT 


94, A wicket-keeper catches a cricket ball of mass 100 g moving: 
horizontally at a speed of 40 ms~?, If his glove moves back a 
distance of 20 cm while bringing the ball to rest, what average ‘force 
was exerted on his hand 7 [400 NJ 

$5. A crane lifts a 1500 lb steel beam to a height of 44 ft in 
10s, Find the horse-power developed. ( H. S.'67) ( 12 hp. ] 

86, What should be the hp of an engine which is intended to. 
pump 250 gallons of water per minute to a height of 40 yards t 
( 1 gallon of water weighs 10 lb) (HLS, 761) [9%1bp. ], 

87, A lift weighing 2000 kg rises from rest in the ground floor 
to the fifth floor, a height of 20m, As it passes tne fifth floor, it 
has a speed of 4 ms-*, ‘There is a constant frictional force of 10 kgf. 
Calculate the work done by. the lift, [41x105] y 

88, A particle is falling down a rough inclined plane. - Assuming 
the ‘frictional resistance to be 0-2 times the normal reaction and the: 
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angle of the inclined plane to be 30*, calculate the acceleration of the 
particle, Calculate also the change in the sum of the kinetic and 
"potential energies as the particle falls through a length of 1 m along 
the inclined plane, The mass of the particle is 1g. Take 
5980 cms-* (J, E, E.'82) [32026 cm s-*, 1666 erg. ] 
89. A bullet of mass 2 g and moving at 500 m s*7* pierces a plate 
and moves on with a velocity of 100 ms-*, With what velocity 
would it emerge if the plate had only half its thickness ? It may be 
‘assumed that the work done in piercing a plate is proportional to its 
thickness, [ 360:6 ms**] 
90, A ball flying at a velocity v, —15 ms-* is thrown back bya 
‘racket in the opposite direction with a velocity v, =20 ms“! Find 
‘the change in momentum of the ball if the kinetic energy changes by 
AB=8'75 Joule. (J EE, 84) [ 3:5 kg ms"? J 
91, An engine working with constant rate draws a train of total 
‘mass 600 tonnes up a plane whose inclination to the horizontal is 
‘sin-* (435). If the frictional resistance to the motion is 5 kgf per 
-tonne and the greatest speed up this incline is 10 ms~*, calculate the 
(power of the engine in killowatt, (J. E, E.'81) [735kw.] 
‘92. A horse pulls a cart with a force of 50 lbf at an angle of 
730* with the horizontal and moving along with a speed of 6 mile/hr. 
ow much work does the horse perform in 10 minute ? What is 
ithe power output of the horse in practical unit (J. E, E. 62) 
i [ 2'287 x 105 ft Ib, 0:693 hp. ] 
93. A vertical shield is made of two plates of wood and iron 
respectively, the iron plate being 3 cm and the wooden plate 6 cm 
thick, A bullet fired horizontally goes through the iron plate first 
and then penetrates 3 cm into the wood, If the shield is reversed the 
same bullet with same velocity goes through the wood first and thea 
penetrates 2cm into the iron. Find the ratio of the average 
resistances offered by the iron and wood, 3:1] 
...94. A water-fall discharges 10° cu.ft/s from a height of 200 ft. 
If 759% of the available energy at the bottom of water-fall is converted 
into power, calculate hp developed, Take 1 cu.ft of water = 62:5 Ib. 
If this power is utilised to raise water from a tube-well of depth 
600 ft, find how much water can be raised per second. (J. E. E. "6? 
[ 17-046 x 10? hp, 250 cu ft ] 
95. A vehicle weighing 7 metric tons with its engine shut-off 
moves down an incline 1 in 35 at a constant speed of 20 km/hr. 
What amount of engine power in hp, would be required to drive the 
vehicle up the same incline at the same speed, assuming friction4! 
resistance to be the same in each casep (J. E. E,'80) [292 hp. 
96.° An ideal massless spring can be compressed 1 m by force of 
100 N. The same spring is placed at the bottom of a frictionless 
inclined plane, inclined at an angle of 30* to the horizontal. A 10 ke 
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mass is released from rest at the top the incline and is brought to rest 
momentarily after compressing the spring 2 m, Calculate (i) the. 
' distance through which the mass slides before it reaches the spring 
(ii) the velocity of the mass just before it reaches the spring. 
(g — 10 ms-*.) : [ 4m, 447 ms** j 
97. A force of 51b is found to stretch a door spring 6 inch, 
What is the potential energy of the spring when opening the door 
stretches it 18 inches ? [ 11:3 ft lb F 
98... Water is to be pumped to a tank 27:8 ft above a reservoir. 
The bottom. of- the. tank measures 5 fix 5 ft, What work is to be ' 
done in pumping water to a depth of 44 ft in the tank, If the power 
of the pump is 0:5 kw, what time will be required for the work t 
(J, E. E. '76) [ 206 x 105 ft-lb, 17 min; 18s] 


99, 400 kg of air moving at 20 ms*~, impinge on the vanes of a 
windmill every second, At what rate in kw is the energy arriving at ` 
the windwill? Whatis the maximum mass of water that could be 
pumped each second through a vertical height of 5m? ( Take: 
g=10 ms-*) (Oxf. Univ.) i [ 80 kw, 1600 kgs-* ] 

100, The human heart forces 60 cm* of blood at each beat 
against an average pressure of 12 cm Hg. If the pulse frequency is 72 
per minute, calculate the power of the heart in watt, ( Density of 
mercury = 13°6 g om-? ). “L115 W. T 

101, A block of mass M witha semicircular track of radius R, 
rests on a horizontal frictionless surface, A uniform cylinder of 
radius r and mass m is released from rest from the rim of the truck, 
The cylinder slips on the semicircular frictionless truck. How far 
has the block moved when the cylinder reaches the bottom of the- 
truck? How fast is the block moving when the cylinder reaches the 


bottom of the truck? (1, I T. '83) [E M A2g(R =T). ] 


102 An upward force F= 196 N is applied upon a body of 10 kg. 
till it is raised vertically upwards by a distance of 10 m, Calculate. 
the work done by F and the work done against the gravity. Here the 
work done by F is much greater than the gain in gravitational potential 
energy.. Show using clear calculations that the law of conservation of 
energy is quantitatively satisfies here, (J. E, E. '78 ) [ 1960 J, 980 J] 

103. A bullet of mass m, travelling horizontally. with a velocity 
vstruck a heavy wooden block of mass M and got struck into it, 
The combined mass then began to move in the same direction, What 
fraction of the kinetic energy of the bullet will be retained as mecha- 
nical energy after the collision, What will happen to the remaining 
part? [ m/(m-4-M), will be converted to sound and heat enérgies. T 


104, A ballet of moss 20 g travelling horizontally at 100 ms~?, 
embeds itself in the centre of a block of wood of mass 1 kg which. 
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is suspended” by a light vertical string 8 m in length, Calculate the. 


maximum inclination of the-string to the vertical, cos.37^ = 0°8038, 
[37] 
105, A. test tube of mass 15 g, closed with a cork cf mass 1 g 
contains some volatile liquid, The test tube is sus pended by a string 
cof length 8 cm, What is the minimum speed with which the cork 
must fly off on heating the test tube so that the tube may 
describe a full vertical circle about the point of suspension? Assume 
that the string always remain taut. [ 26°56 ms7* ] 
106, A-hemisphere of radius 1 ft and weighing 12 Ib is placed 
on a table with its circular base in contact with the table, How much 
Work has to be done in turning the hemisphere upside down 7 [3 felb) 


107.. A. uniform rectangular parallelopipied of sides |, 2l and 


Al lies on a horizontal plane on each of its three different faces, in 
turn. What is the potential energy of the parallelopied in eachvof 
these positions ?. Which position is the most stable ? 
[2 mgl, mgl, à mgl ; when lies on the large face ] 
108. A shell of mass M is moving with velocity V. An internal 
explosion generates an amount of energy E and breaks the shell into 
two fragments whose mass are in the ratios m, :m,. f 
fragments continue to move in the original direction of motion, 


show that their velocities are V+, /2 Ms and V— 2 m, B, 
tl ma and d M 


109. A shell of mass 10 kg moving vertically upwards explodes” 


into two pieces when its velocity is 22:5 ms-* and is at a height of 
23:6 m above the ground. The lower piece of mass 2.5 kg returns 
to the ground in 1:5 s after the explosion, Find how much higher 
the upper piece of mass 7'5 kg will rise after the explosion, 
also the energy of explosion. [ 54:86 m, 158847 i] 
, 110, A ball with a radius of 10 cm floats in water so that its 
centre is at a height of 9 cm. above the surface of water. What work 
‘should be done to submerge the ball upto the diametral plane? —  . 
: [ 0743. ] 
111, A cork 0:5 m long is drawn slowly from the neck of à 
bottle, the force exerted at any instant being proportional to the area 
of the cork in contact wlth the bottle, If initially the whole of the 
cork is in the bottle and the pull at starting is 0°45 kef, find the 
work done in drawing the cork out, [5561.] 
112.. An acrobat jumps on to a net from a height of 8m, At 
what minimum height should the net be stretched above the floor 50 
that the acrobat will not hit it when he jumps p If the acrobat jumps 
down from a height of 1 m, the net depresses by 0*5 m. 23m] 
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PROPERTIES OF MATTER 


he ii -AND » na 
II-1. . Introduction. 


We have stated before that one of the: Pide properties 
of matter is that two pieces of matter always attract each other, 
The property by virtue of which this happenes. is. called gravitation. 
Matter anywhere in our limitless universe has this property, : if 

When the attracting body is'our earth the force ‘of attraction ‘is 
called gravity. Gravity is thus the pull of the earth on ‘any body. 
Theoretically this pull extends to infinity, but practically disappears 
at a distance. equal to the diameter of the earth from its center or 
the radius from its surface, : H d ij 


IL2. Law of Gravitation : 


This law first enunciated by Newton (1687) is one of the most 
important in Physics and provided the bed-rock of that fascinating 
branch of science, Astronomy. This law, called the ynivereal law 
of gravitation, states that i of 


1 x3 det 
Every material particle in the universe attracts every other vim 
a force F which varies 
(i) directly as thé product of their masses (m4, ma) "^ ` 
(ii) "inversely as the square of their separation (7) and © ' 
(iii) acts along the line joining the two pras i 
In symbols we may write Aj : ! 
F«my,m,[r* or F=Gmymg/r* or F2 GU angie (I1-1.1) 
Where G is the variation constant called the universal constant of 
gravitation and r the unit vector along the line joining them, 
Note that (1) the law is one of force and not of motion, It specifies 
the magnitude of the gravitational force irrespective of whether .the 
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pair is in motion or not, or even how they are moving; (2) the 
forces are mutual action and reaction equal in magnitude, 
measuring in fact the strength of «interaction. This mass symmetry 
means that if the earth pulls the moon or any other body, it will be 


mHATTAM TO EXIT m2 
o—__- ----- —____—_—_-® 
Fro F21 
Fig. )I-l1 


pulled by am equalyandyopposite force, That the earth does not 
move towards the falling apple, is because of its far greater mass 
and hence very small accelerat.on, as we have ‘noticed’ ‘before. "The 
equal and opposite interaction is illustrated-in fig 1I-1.1, W 


Newton's Verification of the Inverse Sare Law: Newton had arrived at 
this law ftom Kepler's laws of planetary motion ((1I+1.15). To verify this) he 
introduced the then novel idea, that the centripetal accelration moving the moon 
round the earth is the force of gravity, and found the pull of the earth on the 

moon. He assumed *that (1) Masses of earth and moon are concentrated at 
their respective centers and (2) the Lunar orbit is circular. The moon circulates 
found the earth in 27.3 days and their centers are spart by about 60 tmes- -the 
earth's radius, 'So he argued that according to the inverse square law, the pull 
of the earth on a body on the lunar surface would be about (1/60)? of the pull. o2 
the same body on the earth surface, That pull provides the centripetal accelera- 
tion of the moon towards the earth, which is I 

or (4x? |T" )r= [47*/(27.3 x 86400)*] x 60 x 6.37 x 10° m=0,00271 kmis*_ 

Here to remember : 1 hour =86400s and radius of earth 6.37 million 2 metres 
Now value of g on the surface of the earth is 98 mjs". Hence d 

4 gl60? 9/8/3600 - 0.00272 km/s*= the earth's pull on rhe moon. “^ 1». 

The identity of the two values justified Newton's assumption. Thus vit 

unified the terrestrial rotation of a Stone atthe end of a string. from your, finger 
and the rotation of an astronomical body the moon, round the earth. 


II-1.2. Definition of G: :Ifi in, the expression for the jaw d 
gravitation we put s; —mg 1 andir=1, we get FG. Thus G may 
be defined as the force of attraction: between two unit, point masse 
unit distance apart. Its numerical value depends. upon the system 
of units in. which, the masses and ; their Separation are measured. 


joder 4xci7iv5.74—52H82-3 
* He later mathematically proved that i" mass of a sphere, “solid E. he 
| be taken to be concentrated dt the tenter and” (2) the orbits of mi 
T planets are very nearly circular : Their ellipticites ate very smal), les 
Be jug OVIIN 97K 1 iet 
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Values ¿of Gy In the. cgs. system, we, shall. haye two point 
particles of. mass. 1 g, each. ata separation. of 1,cm, and they would 
be attracting each other with a force of 6.67 x 10-9 dyn,..In the mks 
system, the point particles of mass 1 kg each when separated by 1m 
would be. attracting each. other with. a force. ot 6. 67x 10-11 N. 
In the fps system two point. masses 141b each at.a. separation, of 
1 foot. would..be attracting. each . other with a. viera pf 1.069.x Wt 
poundals, Thus si D bot £ sis » 1isd3 : 

G— 6.67 x:10-9 dynes-zm?/g? 26.67 x 10711; Newtons:tn?/kg?! 

= 1,069 x 1079 pdl-ft?/lb? = 6,67 x:107? cm*.g71s78 nom ogre 
= 6,67 x 10-12, m*kg-*s7? : sb SW. Mera lev ¢ 


Though. thus: G) appears to be “a” very small’ quantity it'is the 
force of gravitation .that keeps..the» moon -moving.round: the eartb, 
the latter round the sun and the last round the center of the Milky 
Way, ourgalaxy. This éàn happen only because of the enormous 
masses involved, If ‘an iron cable can support 10 metric tonnes 
(=104 kgf) it will require many more than a thousand billion 
(21025). such. cables to. hold the -moon to the earth, should by 
chance, gravitation cease to act. - 


Dimension of G :, From the equation II-1.1 we note that 
G= Force x (distance;?/(Mass)* = MLT"* x L'/M* = M^*. DT 


Remember, G is a scalar quantity. 

Ex, II-L1,; Two spheres of masses 160 and 20 kg. when, at a separation of 
40 cm between their centres attract each. other with a force of 0. 14 mg- Wi Find 
the value of G [VE 

L Fri (0.143 10-5 x 98040)? 6,86 x 10-5 cgs units 
“mm 160x10*x40x105 

Ex. II-12. A hydrogen atom has à proton’ (mj 1: 67 x107349) "as its nucleus 

round which revolves an electron (me=9.1x10+**g), the diameter’ being 1 Aor 


107^ cm. Find the forces ‘of gravitational and’ electrostatic attraction beiween 
them and their ratio. - ; Charge on both particles 4.8 x 10-1? e, esu units... 
Fa ,G mm |r* ni : ns STU aD 
Ex” qq'r om 
(6:67 x107* x 1. 67 x 105 2^ x9. ioiai 
GET) (48x 1078?) 2/(L0*)* 


£7277 10-49 dies | 0.55 x 10- 4o ^ 5 
2302x10 *^dynes.; cnie nut © dio o9): ns moy 
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This is why gravitational attraction is a weak, while ‘thé: ‘electros. — 
tatic one is a. strong v but the range of the former is incom 
parebly larger. ert gd 


Prob : a) Suppose a man is measuring a force taking gravitational attraction 
between unit masses at unit separation as the unit. What then will be the Value 


of Gatcording to this new unit? (Ans. 1.5107), (J. E. E76 
(2) “0.1 mg wt. of attraction acts between two spheres of masses 40 and 15 ky 
when their centers are 20 cm apart, Find G, (Ans. 654x10^* cgs units) 


Determination of G: The value of G- quoted above has been 
experimentally determined by. many methods though the quantity is 
so very small, We describe below in short the first such 'determiua- 
tion by Cavendish (1798) using a torsion balance (Fig, II-1.2)...7 


A pair of small gold spheres (m, m) are fixed to two ends of a long light J 


horizontal rod. The tod. is 
suspended at the mid-point 
by a long thin quartz fibre - 
from a rigid support. wo 
large lead spheres M M ute | 
placed on two ‘sides ofm, m — 
such that the- attractions | 
produce a torque on tbe tod 
and twists the fibre. "The rod — 
t comes to rest when. the 
restoring torque í 
m twisted fibre ^ equals’ the 
deflecting gravitational totque 
on the rod. .A lamp and, 
arrangement measures the angle of twist from which G can be determined, ‘yey 
careful experiments (repeated 29 times) gave to Cavendish, G=672x 10 egs 
units. x 


.\JI-1,8. , Universality of the, Law of Gravitation : 
This inei is applicable anywhere and everywhere and at all times 


Fig m 2 


"Among the very few universal constants like «h: (Planck's constan) [| 


or c (velocity of light in vacuum) or electronic charge e, th? 
Gravitational constant G is one, For 

(1) The law holds for all bodies, big or small, terrestrial oF 
astronomical, material or even immaterial (like photons, neutrinos 
etc) ; no exceptions have been noted, It truly embraces all masse 
from an electron, to the sun, stars, galaxies, 
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(2) -For separations ‘from atomic to stellar: magnitudes, the 
inverse square law has been found to hold accurately, ' f 

(3) The attractive force and G is independent of time. 

(4). Change of separating medium does not affect the ion 
of the force nor the value of G. On both counts, it differs from the: 
otber inverse ‘square laws, the Coulomb forces in’ electro- and 
magnetostatics where the nature of medium changes both the force 
and the medium constants K and m, : We see thus that G is. 
independent of permeability of the separating medium, 

(5) | The material of the attracting bodies, their shape, a uS 
state of agregation (solid, liquid or gaseous), chemical composition, 
temperature, pressure, in fact no external or internal factor can’ affect: 
the magnitude of the force or G, ie, wy are independent of 
susceptibility in any form of matter. 

(6) Gravitational force, has no directivity or anisotropy -i ie. 
matter may. be crystalline or amorphous or. the forces mayi be 
measured iù any direction, without G changing. 


We so conclude that the gravitational force depends ‘only on 
the masses of interacting bodies and the separation of S NOE 
of mass. 

Newton derived his law of gravitation (1687) from Kepler's laws 
of planatery motion (1609-18) and satisfied himself as we have seen 
above, of the validity of his law of inverse square by calculating 
the value of g on the lunar surface. Later astronomers applied kt 
successfully in explaining the perturbations of smaller planets’ in. 
their orbits by the attractions of giant planets like Jüpiter and 
Saturn They were also successful in calculating the orbits and 
hence appearance times ‘of comets*, The planet Uranus had been 
discovered accidentally in 1802; but the farther planet Neptune was 
located by Adams and Leverrier inde ndeely (1846) by calculations 
from the perturbation it produces on the motion of Uranus in 
accordance with the inverse square law—an awe-inspiring triumph 

v Of the law of gravitation. : ‘ 


* You must be awate of the’ appearance a Halley's comet early this year 
(1986) which had come: 76 years before in 1910," The Chinese astronomers ong 


tecorded it almost a thousand years back, 


The-most- outstanding technological: achievement of to-day, the - 
artificial satellite had already been foretold by Netwon 300 years back, 
based on this law of gravitation, CYTR 

Discrepancies: In a very few and highly specialised Cases only these have 
been noticed ; for example t sW 3 

(i) Ac separations of less.than atomic diameters. (—107* m) the law fails, gio 3 

(i) In a very very Strong gravitational field e.g. close to the sun the | 
fails. There is no explanation of a slow change of the plane (technically, 
Precession) of the orbit of Mercury, the planet closest to the sun. or 

(i) Its universality fails for Particles moving very fast ie. close to the 
velocity of light, for thea their masses are no longer invariant (constant). ©) 

(iv) According to Newton gravitation spends no time in reaching the farthest i 
point.) But we know that nothing can: move faster than light («310*m]s) (1t. f 
the sun suddenly loses its gravitation we shall. know of it more than.8 minutes — 
later], So gravitation propagates with a finite velocity. rone. d 

These discrepancies are very small very specialised, very few. compared to the 
credit ‘side, whi&h nuniber legion. All of these’ except the first have been 1 
satisfactorily accounted for by Prof. Einstein's Theory of Relativity which includes | | 
Newtonian mechanics as a very satisfactory first approximation. i E |G 

ao Ne satisfactory explanation. has, yet been put forward to. explain 
the, phenomenon of gravitation; Quantum mechanics: has explained 
how and why electric and magnetic forces work but could not,explain 
gravitation which is said to be 4 fundamental, force" for its idea is not 
forthcoming from any other force, » The. search is. still. on for the so 
called Unified Field theory, E ' svodi 

I-14. -Gravitational and Inertial -mass : | Mass, as defined ® 
-Newion’s. second law (m= Fla) is called. the inertial | mass—for uh 
a measure of inertia, Mass as it appears in Newton's law of. gravita- 
tion is called the gravitational mass. o r3 

_A force of push or pull (F) produces an acceleration a,on, a mass 
m independently of whether gravity actson it or not, The force K 
on A body of mass m. with. which the earth attracts it is e mg. -This 
relation enables us tọ measure the gravitational mass of a body by. 


USEC 


'*'In' nature there’ are only three other fundamental forces eleceromagnétity 
molecular, nuclear. Of the four, gravitation is the weakest yet ranges the farthest? 
Successive forces grow Progressively stronger but Operates over. progressively 
shrinking distances., Molecular forces range over 107% m. while. the. nucleatiover e 
103^ m, only... All. the four: fundamental forces. appear. to be independent of) 
each other, cof by brash, 78 
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balances, either. spring; or common, Inertial :mass is measured ‚by 
finding the. ratio of the force applied on. a body, and the. acceleration 
generated—a far more difficult task. „It struck Newton whether the 
two masses are equivalent,, He utilised a hollow pendulum bob to 
test the point. 


Now, a pendu'um bob displaced from its 'equilibrium position is acted upon 
by a component: W sin € (—magg sin. 0) \towards that.position . From Newton's 
second law we say that force is mza.. Hence equating the inertial force to the- 
restoring force we have j å 

mra=mag sin. 0 œm 8-(x|D, [.Ean, 1-5,10.1 derivation J 
Ao d= -(maglmil) x = - ex 
or, Te27/m;l|mag ^ (I1.4.1) 

Now Newton filled tip the hollow bob successively with equal weights (mag) 
(as determined by à balance): of: different substances. As one material replaced 
another, any change in T could be due only to difference in mz, the inertial mass, 
Newton found no change and perforce had to conclude that they ate equal i.e: 
equivalent. Eotvos in 1909 and Dicke in 1964 could detect no difference between 
inertial and gravitational masses to an accuracy of Tin 10. Classical physics 
attached mo significance to "this equivalence but it provided a clue'to the 
emergence of the theory of relativity. They are.not distinguishable: though 
gravitational mass is meaningless in gravitation- free space where however inertial 
mass (=F/a) would exist. í : y S 


II-1.5:- Gravitational attraction between Extended bodies; In 
formulating the law of gravitation Newton. envisaged two particles i.e. 
masses: that are, small enouga to be represented by geometrical points. 
Ma'erial bodies can hardly be so small, But there is a way out; if 
their dimensions are small. compared to: their: separation the bodies can 
be.takenas point masses, Two bodies. of. dimension, 1. ec, when 
separated by 100m can be taken as; particles, but, not when they, are 
say,.5 cm apart, . For then, cach particle of one body attracts each 
particle of the other along lines joining cach particulár pair. Thus the 
total attraction between two such bodies is the resultant of a very 
large number of forces of different. magnitudes and directic ns, To 
find that resultant is almost a hopeless task. 3e 
Attraction Between two spliorb ét" But iode Case euch 18 Hot 
the case, ‘If the bodies are both. sp eres, calculation of attraction 


becomes very easy, whatever, be. their separation... For, then, their 


E] PROPERTIES OF ‘MA’ 


whole mass may be'taken to be concentrated at their centers, and. ‘the 
attraction equal tó“ that between’ these concentrated point masses,+ 
Even if the spheres be big and in contact; this relation therefore still 
holds, It also holds whether the sphere is solid or hollow, the | 
material be homogenesus or heterogeneous, E 


»Letthere be two spheres of. radii a and a’ and densities p and p. 
Then’ their masses would be M 2$4a*p and M’=¢na'*p'.. Now 
whatever be these radii their minimum separation is a-ha’. Ifthe 
sphere centers be at this separation or any value R greater than ‘this, 
the gravitational attraction between tiem would be F=GMM /R’. 

This result is used to find the'force of gravitation between the sun — 
and ‘the planets, planets and satellites where they are taken as homoge- ^ 
neous spheres, their masses concentrated at their centers, If the attracting - 
bodies be shaped otherwise, their masses’ would be taken concentrated 
at respective centres of mass so that they bécome particle masses, 
provided however their separation much exceeds their dimensions. 
If a- small body rests on a sphere, calculations are carried out by 
taking, the mass of the sphere as concentrated at its center and that of : 
the body at its center of mass, i 

Newton had arrived at two important conclusions when finding : 
gravitational forces for a sphere, namely. 

(1) ‘For a solid sphere or a spherical shell,-at a point outside, its 
entire mass can be taken as Concentrated at its center, The same 
holds if the sphere is made up of concentric’ shells of materials e 
different densities. ; 

(2) Inside a homogeneous — shell no attraction exists at any 
point. In other words inside à hollow spherical shell gravitational 
field does not exist and so potential is constant. 

. These conclusions hold also for charged and magnetised spheres. 

NE 6 Gravitational-Field and Potential. 
pi Any body is attracted bya nearby body. "The range over which 
this attractive force is felt is called the gravitational field of force, 


i 


uon BENE E S Jeorgi 

* It is said that Newton had arrived at the law of gravitation in 1666 when 
he was only 23, but did not publish his results for more than 20 years for it took — 
him thet long to prove to his’ own satisfaction that a spherical. mass. can be ] 
Xi by concentrating the mass at its bate? o Er 
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Bigger is the mass ofa body mire extended is its’ gravitational field: 
For example, all the planets and their satellites in our solar system 
move in the gravitational field of the sun. The moon and ‘other 
artificial satellites are subject to the gravitational field of thé earth, 
distinguished as the gravity field. As the gravitation force is very 
weak, the gravitational fields.of \earthly, bodies are very limited -in 
extent, ] 

We.can introduce the idea of gravitational potential as follows s If 
a very small mass m is kept near.a heavier mass... M then the former 
feels attraction ; if m moves, under. it towads M grayitational force 
does work on m ; if it is to. be moved away, an external agent must 
apply a force and.do work on. m. against gravitation. Potential is 
then that property of the gravitational field because of which work 
is required to move.a very small mass near a static mass. , 

The intensity of the gravitational field or field (in short) ata point 
is measured by the attractive force acting on a unit point mass placed 
at that point, The potential at that point is measured by the work 
done in removing a point mass from that point to infinity. Im symbols, 
they are 


(Fj GMT = GR | cU QEL6.1) 


and U= f dW-- 
R, R i 
négative sign undicates an attraction. l 


Gravitational, Electric and Magaetic forces : The introduction of the ideas of 
gravitational field and potential comes from those of electric and magnetic cases. 
Ia all of them, forces act from a distance and hence they are field forces, But 
mechanics forces are not effective till the bodies touch, e.g. frictional or impulsive 
forces. . These latter are contact forces, as we have already noted, | i 

Physics deals with and seeks to analyse the two fundamental forces, those of 
electromagnetism on one hand and gravitation on the other; for they embrace 
most of the phenomena we can readily perceive. You shall later learn that 
Coulomb laws of electric or magnetic forces between point charges. or poles are 
formally very similar to Newton's law of. gravitation— — —. Pore ae 

“Fan tac er^, Fg = Emm hr> and Fa- OMM! i 
—each of them being of inverse square law 1 The same law governs 
rotation of planets round the run and that 


[ox dR=GM/R (11-1.6.2) 


" 
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nucleus—both in elliptical: orbits. Just. try, to gtasp the difference in scales 
involved | x5 308 
They differ, Pec d in details. eg. (1) Gravitation. is only attractive 
(indicated by the — ve sign) while the other two may be repulsive (i e, *vel. 
well; (2) Gravitation is a weak force while the others are much stronger; 
(3) Range of gravitation includes the known universe But that of the other tue 
are much restticted ; (4). G isa universal constant independent of permeability 
directivity and susceptibility of the medium (making gravitational shielding 
impossible) whereas K and k are constants depending on these properties of the 
separating media; (5) G appears in the numerator while gand K in the 
denominator of the! expression fof the-force, ^": ner 
I-17. Force of Gravity or Gravitational attraction óf the 
earth: In ‘accordance with the “law of universal gravitation” the 
‘eatth’ ‘attracts all’ bodies on its surface" With a force "proportiónil 
lo" the" máss^ jy of a^ 'bsaye! Considering "the" eorth to Bela 
homogeneous "sphere ‘of radius Raid hias ^M, ‘the grávititional 


attraction W it exerts on a body on its surface, is given by) si o/d] 
. We re (11.0) 


This sil the force He wing i$ directed towards: the: centre 
of the earth and is often called the we eight of the body2\sMore 
Correctly, the weight of a body is the force _it “exerts on anything 
that supports it. We came across this idea irf the investigation of 


accelerated lifts, Later we shall y to^ Ty in discussing 
weightlessness in satellites; ^ = 3% 


We have also seen that a body falling freely EUER gravity, does 
so with a constant accelerration, acceleration. due to gravity denoted 
byg. Hence by: Newton's second: dew. f motion, the weight Wof 
a body of iid m is given by W=mg. i d f 

uenia lse ssim GMm/R? or, 2-GMIR* . : (IIl 4 2) 

This relation tells’; you why gis a constat. acceleration. Eg is 8o 
asg depends on G, a ,uniyersal. del and mass and radius. ol “the 
‘earth, both constants, 
^^ Mass of the Earth? This ‘can be^ Ratoia asy tid en. 
IL1.72.2 as we know th the. values Of g (=9, 8im/s "JG (= 6. 67 x 10-1 
„mks units ) and R (= 637x 105m—6400 km ) we obtain the mass of 


n19 vo. 315nüp 


‘the earth to be My= 5 98 x 1054 kg. Rur sds bawor stsnsig to noifé Ol 


^ ; to TRO 
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"If p, be the'' mean density of the earth, it being taken à$ rigid 
sphere», then M, —azR' ps. Substituting values ‘we get Pn= 
5.5g]cm8 or. 5.5108 kg/m%. But the density of rocks that make 
up most of the earth's crust ranges. from) 2,5. to: 3,5. g/cm; Hence 
the interior of the earth must be made up of some heavier ‘Stuff, 
The earth thus is not really homogeneous 'nór'exactly'a'sphere, 31 


g on the Moon: Relation 11-1.7.2 applies to any attracting sphere 
of mass M and radius R, for example the moon, ‘The mass of the 
moon is 1/81 (=1.23x10-*) of the earth's mass aud its radius 
is 1.98 x 105m. Then j 


n= Gg " 6.61 x 10713 (123 10-¥5¢5.96 1084 © 4. 64m)s* 


(198 x 10°)" 
which is about 16th. that of £e. Hence ifa person clears a high 
jump. of about 2 metres or 6 ft on earth, he will Pa e 
building about 36 feet ( nearly 3 stories high). NOR 


Problem: If Bec due to. gravity, ona planet i is 196. ems? find. what 
height is safe to jump down po if on earth cue safe height is. two metres. 
(Ans. 0m. * AUT. 773] 


< Ex. I3: Find'the point Where on tb line joining the earth and moon the 
résultant pull on a probing rocket would vanish. Given that earih ‘is 81° times 
as massive as the moonard their centres 0:384\million kilometres apart, 

Ans. . Let the required, point be r million km away from the centre, of our 
earth. Then the field. intensities there due to the.earth and the moon are equal 
and opposite. An astronaut bound for the moon enters the lunar gravity field 
as he crosses the point. So 

GMC GMm 19% Joo 


eea OBA) orie sogo lg itive 


g 


0.384 Mime a axi Bet slats L or obruit Eto) 
r 
Itn for on 


ve P M =o: 384 x 9/10=0.346 million km. 


o o saved A 
* In. discussing uniform circular motion we > have mp that it, is not $9; and 


why. [t was then regarded as an oblate spheroid.” Investigations. or gravity 
survey by satellites has revealed that lit istniot ohatneithen” It sis now" dines a 
geoid, meaning shaped like the earth 1. miot ess Ai] hod. 8.59 

** Scientists surmise that; the! core of; tbe: earth. is; email sotiaizon del 
sphere surrounded by a much thicker, molten iron-nickel, belt, „As, they contain 
free electrons moving in circles with the spinning earth,.the magnetic field of the 
earth: arises;': Except bier none of Sinon eee eg e as, 


our earth does, +i T ds daila aiio mii santas eX 
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Problem; The sun has a mass óf.2x 10*? kg and earth 6x10% kg. Their 
centers are 1A, U, (Astronomical unit, the mean radius of earth orbit 1 
=1.50x 10° km) apart. Find the distance of null (ni) gravitation on the radius 
vector joining them. [Ans. 0,263 million km from Earth centre], 

Note that the sun-earth null-gravity point is closer to the earth than that for 
the earth-moon pair. 

1-18. Motion under Gravity : 

Gravity is the force with which the earth attracts any body 
towards its center. Aristotle (384 B.C-332 B.C.) the private tutor to 
Alexander and the greatest man of science in ancient Greece, taught 
that heavier bodies fall to the earth faster than lighter bodies—a 
fact of observation. This was disproved by Galileo (1589) nearly 
2000° years later when he let fall from the Uppermost balcony of the 
Leaning Tower of Pisa, two pieces of Stone, one heavier than the 
other and the two reached the ground together, He declared that all 
bodies when falling from rest fall through the same distance in the 
same interval of time, In proving this quantitatively, he diluted 
gravity (g sing) by letting spheres roll down gentle inclines ‘and 
timing their descents with water clocks, 

Galileo's (1564-1642) work was extended by Newton °1642-1728). 
He devised the well kaowa Guinea and Feather experiment, In it,@ 
heavy coin-and a light feather was allowed to fall through a long 
glass tube from which air had been pumped out. With no air inside 
fhe two were found to fall and reach the bottom together. But the 
fall of the feather slowed down on admittiog air inside, This proves. 
that if a falling body is not retarded by air, all bodies light or heavy. 
will fall together under gravity, Hence bodies) falling under gravity 
come down with the same constant acceleration, This follows from 
the relation II-1,7 2. 


A. Laws of falling bodies From a study of falling bodies- 
Galileo concluded about the nature of their motion which are. 
known as the law of falling bodies, These may be stated as follows :: 

When a body falls freely from rest under gravity pii 

^^ (i) all bodies traval equal distances. in 'equal times; Li 

(ii) rhe velocity of a body is proportional toits time of fall, and 
—— ls r5 


“| «A freely falling body is one that is acted on by no force other. than gravity. 
The resistance of the medum through which the body is falling, is ignored. e 
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(iii) the distance travelled in a given” time" is proportional tothe 
square. of the time. rob et Wg Xp dieti 
B. Freely falling bodies have the "sanie constant acceleraton : 
From law (ii) above, for a given body“ ye t, Therefore" y/t i$ constabt, 
But y/t is the time rate of change of velocity, ie, 'the acceleration. 
Thus we conclude from law (ii) that the acceleration of a freely falling 
body is constant. We have now to show that this constant has the 
same value for all bodies. oNellist E i 
Since the body starts from rest and moves with à constant, 
acceleration we can put u=0 in the equation s= ut + gai? and grt 
s=4a12, This shows that the distance traversed by the body in a 
given time is proportional to the square of time, ! This is law (iii) i ie 
From law (i) we know that for a given s, t is the same for all 
bodies, Hence from the relation s=4at? of the previous paragraph, 
a will be the same for all bodies, i.e. all bodies falling freely under 
gravity have the same constant acceleration (8). 


11.9. Gravity Field and Intensity : When the attracting | body 
is the earth, the force is that of gravity, It is just a special case of 
gravitational field, Since the earth attracts any body in its neighbour- 
hood, we postulate that a gravity field surrounds the earth, The 
moon, the artificial satellites, the shooting stars or meteorites, all 
move im the outer regions of this field whereas balloons, aero- 
planes, bodies moving up and down ‘nearer home, travel in its. nearer 
regions, Theoretically. however ; i 
like the gravitational, the gravity 
field extends to infinity: 

Intensity of this field at any 
point is measured by the pull our 
earth exerts on unit mass. If we 
put m=1 in the éqn. 1I-1.7.2 we 
find that ^ pull becomes 
£-GM/R?. Thus g stands for 
both acceleration due to gravity | 
as wellas intensity of gravity— Fig 113 
one an acceleration, the other 
aforce, The ideas do not contradict, for from 


i Gol 


Newton's second law 


E " 
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acceleration comes out, to be.a.force on) unit mass, The idea. of 
intensity of gravity is derived from those of electrical, magnetic or 
grayitational fields, „Difference lies in the fact that, whereas different 
charges, poles or masses may. create different fhtenskica at a given 
point, intensity at a. given point in the gravity field does not change, 
for only the earth creates this field, ...So g in the vicinity of the, earth 
has a.constant,yalue at the same distance from the center, The 
lines along which a body falls to the earth can. be taken -as ,/ines of 
force always directed. towards the center of the earth: (Fig II-1,3), 


Mess and Weight: These two widely used terms are very often 
synonymously used but they are fundamentally different quantities. 
The former is an intrinsic quantity while the latter an extrinsic 


one. 


Mass 


» (1). Quantity of matter in a 
body is its mass, It is denoted 
bym oy 
», (2). Mass is a scalar, 

. (3))Mass, measures inertia 
ofa body. It tends to oppose 
Starting or changing any motion, 

(4) Itis an intrinsic property 
of matter remaining constant 
everywhere and under all condi- 
tions, unless they moye very very 


fast. 


(5) It may be. measured 
Statically in a common balance 
against a standard mass or dyna- 
mically by collision with a known 


Weight 


(1) The, pull on it by the 


earth is the weight of the body, 
It is denoted. by mg. : 
(2) Weight is a vector. |... 
(3). Weight being 2 force 
tends to produce motion. 


(4) . It is an externally genet 
ated property and changes with 
value of g. At the center of of 1 
an appropriate distance from the 
earth, in far- away space and 
under suitable conditions— freely 
falling frames, floating bodies 
artificial satellites, it vanishes. 

(3) It can be measured by a 
spring balance, statically only, 


| 
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'11-1:10.;:; Variation ofgsi el: inajo1 e T wow: 393201 g uingiqe e 


Büt perfectly valid'cáüsés: exist which" "Charige "the “Value «of ^g; 
ipi bya small amount both’ on near "about the: earth's: surface 
-both below-and ‘above; ^ "They: itesdeniiled. below; 16,18 25101 Leteqittnes 


‘A On'thé "Earth's surface : : “The variation is due to fact that the 
earth is neither a true ‘Sphere nor is it homogeneous ; g ds found te 2 


(1) increase, regularly, with increasing latitude for the polar rds 

as 26357 km, is shorter by about 21 km, to the equatorial tadius 

= 6378 £x therefore has the lowest value at the equator 

"s 78.1/s) and thé highest at the poles (9. 83/3), roughly about 0,5 

part in 100 more, | In connection with uniform circular. Motion we 
have already learnt why the carth i is so deformed, 


(2): „change; abruptly, at some, regions, . ; These phil of des 
anomalies have been deduced from sudden dips:in the orbits /of ‘sates 
lites, overf. lying these areas, .One such prominent anomaly’ lies ljust 
to the south of Indonesia. y It is surmised that itis due to a! very large 
undersea deposit of i iron, 


les ju mr $ iia 5 40 
(8) Increase ‘smoothly again with latitude — ‘of diurnal 
(daily) spin of the earth, "The change cah be understood with reference 
to the fig II-1.4. On the represen- 
tation of“ the globe “a great? n7 
circle parallel to' the 'equaor 
(EFQF'E) said to be a parallel 
of latitude, ‘hasbeen’ indicated. 
It is the base of a 'cone with. ' 
vertex at the center (0) of the 
earth, All lines drawn from any 
point: to) the» circle MGPG'M ©» 
make equal angles with its corres- 
ponding equatorial radius, That; "^ Fig I-14." 
angle is said to be , the. angle of latitude ()... Let P bea sam cn the 
surface of earth and PO the line joining it to the center of 
the earth, The angle PQQ represents its latitude Xo 


Now the points Pand Q'are:;both spinning once in 24 hours, 
Since their radii OQ and O'P differ, their angular speeds must differ, 


^ 
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Q spinning faster. Now P is rotating alonga circle of radius. R/= 
R cos ).and Q along a circle of radius Rz where Rg>R'. Remember, 
part of the pull of;the earth. mg on:a body goes to supply the required 
centripetal force at any point,’ .Hence:the weight of a body at any 
point is the difference between the pull of the earth mg and the centri- 
petal force mo?r i.e, if g, is the true g (ie. if the earth be at rest ) 
we have mg —mgz; —mo*r. © 
JS (m8) aq% mge Smot RE ahd "mp,— mgr — mo? cosa 
"A 'mg, -mo*(R, cos A) cos Ae mo?R; COS?) 


(11-1.10.)) 


Or. gy -g,—0?R4cos?) e e 


Hence at the equator (4 — 0) the g-value is. minimwia and at the 
pole it is true g, for the point is not spinning. i 

More than half the variation in g^ due to- the latitude effect is 
contributed by the spin of the earth, i 

. The above analysis is more readily understandable if you consider 
inii forces at Q and P acting radially outwards, 

On a ship steaming fast due east along the equator, g is found to be slightly 
less than if it reverses, direction ; for as the. earth spins west to east, ship- 
spzed is added to that of the earth, this increasing the effective w, while itis that 
much diministed when the ship reverses track. 

B. g above the surface of the earth. As a body is raised from 
the surface of the earth its distance from the center increases and 
hence g diminisles, When itis ata height 4 from the surface of the 
earth it is (R+A) away from the center, _ If g} and.g, be the intensities 
at a height h and on the surface of earth we have 


£1, GM| Ray |— m (LE I/R)-* = (= 28/R) "m 


go . GM|R*  R'ü-chRy 
(expanding by the binomial and Midi the higher terms for 
h<<R) 

Alternatively, g=GM/R* =GM.R-* 
31 po dge GM. q(R-*) 4 GM. (—2R.-* dR) - (GM/R?) (+ 2dR/R)= 

= g( — 2dR/R) 

or ^ dg/g= —2dR/R=~2h/R (11-1.10,3) 
But dg=gr— g and dR=h. So 

B £x go (L—2h/R) 
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—a result identical with'above, See then that at à height équal to 
the radius, of the earth (2h\=R) intensity of gravity) amos and a 
body becomes weightless, 

Prob: (1) Assuming the earth to be a ‘sphere of radius 6400 km. find the 
height at which g becomes 1% of its surface value of 9.8 m/s’. (Ans. 3167 km). 
(2 A pendulum clock that beats seconds on the surface of the earth is taken 
up in a balloon toa height of 13 miles above the earth's surface. . Assuming the. 
radius of the earth to be 4000 miles, calculate how many seconds the clock will 
gain or lose in a day. ( Ans... lose nearly 33,5 s ) 


C. Variation of g with depth. Consider a body ata depth:x 
below the surface (fig. II41.5). The spherical shell of thickness x (the 
unshaded portion in the figure), does not. contribute to the central) 


xi 
C XE 
1-3 TE] 


c - - 
am R — ——* Distance from 
d (R -X)— the centre of 
earth. 
Fig. II-L5 Fig. II-1,6 


attraction on the body. Let R be the radius of the earth and 
x<<R, Attraction on the body is due to the shaded portion of the 
sphere, Its" mass M^ which may be taken to be concentrated at the 
centre, is $ a(R — x)" p where p is the density ofa homogencous earth. 


Then the acceleration at P would be given by fut 


GM L9 i 
= p RE i A 5d 


and at Q, pat = Lo 


Sz 


i (110,4) 
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<+ Alternatively: go 4xPRG.,. Now dgexánapG(—dR):as.R diminishes, 


es a ASH) aig 

"diButidge g,— go ^". gei r- EAA =z) 

`> Noterthat diminution: im g occurs «both above and. below the 
setface'of «earth and "at some ‘height above; the:decrease is:twice'as ' 
much “as at same depth “below. " Fig. H-1.6 ‘shows graphically tlie 
variation of g with distance from the center of the earth (C) where it” 
is;zero, © Now CA & CB=Radius of;earth, |; GAc—:Q B. represents value 
of;g'at the;surface (g;). - 'AKesigg-s PO. The rise sin g isilinear; along 
CQ (eq; 11-1,10.5): but it/falls away along» QE, olf weotake a point 
P/ata height of x above Q, note that its g value is CD and see 
that AR the diminution in g for a depth x, is half of AD that for the 
same rise x from the earth’s surface, 

Prob: Assuming that the value of g inside the earth is proportional to the 
distance from the earth's centre, at what depth below the earth's surface would 
a pendulum, which beats seconds at the earth's surface, lose 5.minutes in day. 
Earth's radius 24000 miles, ( Ans. 28 miles nearly ) 

[-Hint: g'lg-R|R. dglg=dR/R. Apply Eq. 11-1.14.3B dn 300. Find aR.) 

IL1.11. Simple Pendulum: A. Description : | 
The simplest yet quite accurate method of measuring g is by using 
asimple.peadulum. Withit also we-may indirectly find the eight 
of a hill as Well as depth of a mine by equations II-1.102 
' and II-1,10.4. ; 
Any body that can vibrate, about a horizontal axis. under, gravity 
is a pendulum, more particularly a compound pendulum (s II-14i).. 
: The time taken by it in between successive transits across, any point» 
in its path in the same. direction is called its, period of oscillation 
or periodic time (T). The distance between an extreme position of 
the pendulum from its position of rest is called its amplitude. 
To study the relation between the period, the dimensions of the 
pendulum and the intensity of gravity we imagine a simple or mathe- 
matical pendulum defined as a heavy point, mass suspended from. 4 
rigid support by a weightless inextensible perfectly flexible ‘thread. It 
can be realised approximately by hanging a.small metal ball by 4 
thin ‘cotton thread in the laboratory, i 
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Bet&Q ini fig II-1.7)» represent sucha rece "fesdulum: ‘where (0) 
is the point of.suspension:and:A'the bob: of 
which C is the centre, AC is (1+r)ithe 
effective length of the pendulum, The ,bob. 
moves between B and D and. the, time it 
takes in moving from B to D and then 
back to B is the period. That motion is 
said to be an'oscilllitiUn and' half of it fióm 
C'to'D'and back to D a beat or vibration. 
The distance OC or OD is the 
amplitude,;| The: number of vibrations) iof 
the| bob sinstanisecond: liso «the y Srequeney 
and the angle.COD.or COB is! the «angular 
amplitude. d IET Fig.) 151,7 

*B''Timé-Périod'of à Simple Pasa : 'To!find'\ this the’ most - 
important quantity assosciated with a*pendulum, “we surmise*that it’ 
Should depend upon (i) the mass of the bob (ii), the length of the 
pendulum and. (iii) the puil of the earth on it represented by the 
value of gravity in the laboratory, 

Applying the method of dimensions we have helen, hefore in 
O-I.9,1 and 1-5, 11.1 that 


1222 Jig. mS Gry, 
provided the angular amplitude. does not exceed 4°, T 
From this result we arrive.at,the laws, of pendulum... 


b 


: Q;" Laws'of Simple Pendulum : 

- Laws „of. simple pendulum. Certain statements are generally 
known as the laws of simple pendulum, They are all included in eqn. 
II-1,11,1, ‘The statements are as follows ; Provided the angular 
amplitude is small, 

(i) Law.of isochronism. LA isos same, Poel ey ), Ata given 
place, the oscillations, of,.a simple. pendulum. of -given,lengih are 
executedsin; equal, ti me; intervals, ; 

uted to atrived at this conclusion by timing the 
Peu m the’ Cathedral ‘of Pisa by his pulse ‘bes*s, there’ 
being no watches or clocks at that time (1581), 
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(i) Law of length, The periodic time :of a simple pendulum 
varies as the square root of its length ata given. place. > (Tx v7 at 
a given place). Here g is const, 

(iii) Law of gravity. For a given pendulum the periodic time 
varies inversely as the square root of acceleration due to gravity 
at the place (T«1/,/g) 

(iv) Law of mass. The periodic time of a simple pendulum does. 
not depend on the mass or material of the bob, Newton experimen- 
tally found so, 


Discussions: The derivation of the expression for time period 
of a simple pendulum assumes that ii) Anglular amplitude is small’; 
(ii) the léngth of the pendulum is the distance from the point 
of suspension ( must be well-defined) to the centre of the bob which 
is its C.G. (iii) ;Temp and, place of experiment does not change. 
Remember these three points carefully, 


(a) Since the C.G of a solid sphere and a hollow sphere lie at 
the centre, time period will not change if the solid bob is replaced 
by a hollow sphere of the same diameter, mass or material being of 
no consequence, ` i 


(b) But changes would occur if the hollow sphere is partially 
filled up with something, say a liquid, Then the C.G, of the ball will 
be lowered, the effective length having increased and time-period 
would increase, "Now if a hollow sphere full of water is suspended 
by a long thread and made to oscillate and a fine hole is made at 
the bottom, the time of oscillation would be found to slowly increase 
at first and then as slowly decrease back to its original value., 
Why this happenes 7 The oscillating system is a pendulum, effective. 
length reaching to the centre of the water-filled ball. While 
oscillating, water slowly trickles out, making the lower part of the 
bob heavier i.e, lowering its C.G. Thus the effective length 
increasing, the time period increases to a maximum when the bob 
is just half empty (Remember, mass ‘plays no paft in influencing 
the time-period), Beyond, as the lower half gradually empties, the ` 
C.G. mounts back to .the centre. of. the bob when, (he. bob is, 
totally empty. TN US ARE iod 


N 


IF 
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(c) If- the: pendulum «suspension - experiences) a changé » in 
temperature its length changes, and so does its time-period.: Again 
as g diminishes up.a hill or down a mine, period‘of a pendulum 
rises, We can hence find their height or depth or even the prevailing 
room température with a pendulum, These are bonuses obtained 
from pendulum experiments, ' , 


1IH1.12. Determination of g in the laboratory. A. Pendulum 


A given pendulum is not only a very,.good time-marker . because 
of constancy in the value of g at a given place but also a. simple but 
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Fig. II-1.8() Fig II-L8(b) 


accurate device of measuring g. To approximate as far as possible 
‘a simple pendulum, we take a small metal ball with a small hook and 
suspend it from a sturdy support by a long thin unspun. cotton 
thread. Before starting the experiment lay down the pendulum 
with the thread beside a meter scale. Put the zero mark of the 
scále as nearly as possible -atthe middle of the bob hold: the string 
taut and put ink marks at say 90, 95 and 100 cm, mark on the string. 
When you hang the thread with any of these ink marks just at the 
‘point of support you get straight away the, appropriate effective length 
of the pendulum (Measuring the radius ofthe. bob with a pair. of slide 


M 
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calipens:is unnecessary:as.an error.in-measuring lengthby at'/most.]Imm 
in:aJength;of-1m-is smaller than:that in: measuring! the time-period), 
The iarsangement-issshown in fig.1I.1.8(2) and (b); TE 


Now hang the pendulum from the. support, pull: the bob a-little 
to one side and let go, See to it that the bob does Dot spin, nor.does 
itmove in a circle or ellipse, This displacement of the bob should 
not exceed one-tenth of the length chosen, . After.a few. oscillations, 
start the stop-watch when the bob just stops at the end of a swing 
An oscillation is" completed ‘when’ the "bob next: returns to the 
same: point." Couit 25 “oscillations and” stop © the" watch, Total 
time taken divided by 25 gives you the period, Find the period 
next from 30 oscillations and then again from 35 oscillations, 
Though the number-of-oscillations vary, time-period in all the three 
cases should be equal, Change the length and find the time period 
thrice as before, Repeat the whole for the third length and record 
as follows eA 


Time Mean 

period | time L/T? 
(ia sec) |prriod (T) 

ETS S a An 


Effective - || No of 
Length oscillatioas. 
(L) (em) 


© At Calcuitay mean 7/T* shouldicome out-near about 24:9 icm/s?: 
k eo ose Appu: gid gp Bl (L/T*Y6mjs? : ) 
.. Dratw'a mean graph Plotting T 'agatist" ‘and find the? value “of 


E/T? ‘from there.” That the graph s: a” straight line" through tie 


JO uM 


> 
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vorigin verifies the law. of’ length. Fig’ TEIS (6)/stfows" your the 
nature lof the) *releyant? : z nu aria 
i graph. lt-is a straight . 
line passing through 
the origin. From the 
| coordinates of any point 
| P(x,y) you obtain 
x/y=L/T* and putting 
that value in the above 
équation find g. ; SU CU Fig TEES) ` 1 
Limitations of'tlie siniple pendulum method of ‘determining g 


THE method camo give ah ‘accurate ' ‘result for the following. 
reasons’ ! LS on Ge 


(i) The jocis 7 25 dig | is derived for a simple ; pendulum, 
It is an ideal: pendulum,whighwe cannot make in practice; No real 
string is perfectly flexible nor inextensible or weightless// Since these 
| conditions are not fulfilled, there is bound to be sonidos error 
| in the value of g that we get. FE EANN 

(ii) The formula,assumesithat the amplitude is infinitely, stil, 
As the amplitude increases,,T also increases. ee] the linear 
amplitude within about j,th tbe length of the|pen \confines 
the error in T to about 1 or 2 parts in 1000, casia cuu to 
| achieve for shorter lengths, a 

(iii) There is «difficulty in accurately measuring the distance 
betweemithe point*of suspension and the centre of gravity ofthe bob. 
The measured value gt l has therefore some error in it, | 

(iv) .. Au;error, also oceursiin the measurement of, the ‘time for a 
given number, of oscillations; We cannot start or stopa stopsclock at 
the, exact moments. So the measured value of T will have an error 
in it.) Besides, the.stop-clock may not be running correctly, 

All these factors lead'^tó' an error in the calculated value of g. 
Ifithe etror'could be*confined to within 1%, the result-should be 
considered» good|! Since the correct value is about 980 cm/s’, 
am'1« error means» values"in the approximáte zatige-980 + 10, i. e., 
between 970 and 990 cm s?, Any» váluecin5thüs'range should Se 


M 
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considered equally, acceptable and of equal merit, Special emphasis 
should not be given to values near 980 cm/s*, A better result Can ‘be 
obtained with a compound pendulum, But the experiment is 
'extremety Jorg and tedious, 


B Atwood's Machine : g can be determined by this piece of 
apparatus where its action is more evident, namely vertical motion, 
In it g is ‘diluted’ by one weight pulling up another just as in métion 
of connected systems, See Chap 1.3, 


Principle : Two weights m, and Pis are carried at. the: two ends 
of a String passing 9ver.à. smooth weightless Pulley, .Like.in the 
pendulum the string is inextensible and weightless. We take m,m, 

(Fig II-1, 95) when the latter 
will be pulled up as the 

7 ^ Morfer ^ goes down, their 
' - Common ‘acceleration a, 

È The pair of Opposite forces 
on m, are m,g and T and on 
m,, they are "m,.g and T, 
Then from ‘Newton's 24d law 


of motion 
l amt mg migr 
i C "m, n, 
mMm =m, v 
=. 
mim, £ 7i 
(by componendo-dividendo ) j 


^ Description: Refer to Fig 
H-1 9.a).^ Hére thé string is 
replaced by a Paper tape on 
which an inked Stylus vibrating 
“Wat thé end of à' metal: bed. can 
trace, a wavy curve as in 
iiis Fletcher’s trolley... As -therë 


"T () d rS here also the velocity: and 
e9 07,0! 4 OF igs Iel Nb) » ^ of) Beceleration... of the. system 
Of moving masses can befowd, . = — l ' a 


“a 
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Fletcher's trolley can ‘also Provide the value of g/.- 10 be: the 
mass of the trolley, m that of the descending load’ anda" the 
horizontal acceleration of M then clearly 


a’=mg/(m+M) 
In both these experiments friction at the pulley and between the 


tape and stylus introduce inaccuracies, bac 
C. Inclined planes ; g can also be: determined: by - ‘diluting’ 
Le. lessening its value by: timing a small metal ball ‘rolling down 
2. Smooth incline as Galeleo first did (fig IL1,10). If. the ball rolls 
Over a length J of the incline then b 4 BO =x 
} ? 9. IT ] 5?" 1 
17 M sin 9.1" TS b nojapili 
If h be. the vertical height of the . m Í 
A ; "m nm 
incline then sin 6=h/] i7 - 
The length. 4 of the. ineline,. its, 51 — ———— 
Vertical height A and the time taken.) do Fig. II-L10 
£t, by. the ball to roll down are measured for different incliations ; 
| remains constant fj and 1 being the variables... Lom atiba uiuos 


D. Verification of the Laws of pendulum: Jn the above 
Pendulum experiment the value of L/T* is found to be reasonably 
Constant, This verifies the Jaw of length that T« JI at a given 
Place, Next replace just. the brass bob you have used with those 
of iron and lead bobs of same  diame'er, solid or hollow, The 
time period in each case would’ be the same substantiating the 
law of mass. During measuring the time-period, yon time different 

18th or the 30th, You will fiad 
them very nearly equal establishing’ as Galeleo did, the Jaw of 
Metri la the, same laboratory. you cannot obviously. verify 


te 


"EN iria 
P the 
o t 


IETS ; 


the law o. Biavity,. dis ag s 164 Hiroto 
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COELAZS Second's Pendulum :, — -y VER wo 
“Tf d pendülum bob takes one" second for one swing or half an 
oscillation it is said to be a second's pendulum, © Obviously its’ length 
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would depends on thewlocal svaluecofig, the:perjodoeverywhere'being 
Z seconds»: So. its length is given: byo ` 
I; gT An gIn* Er 
Thus at the N. pole Ip. 77 983.22/a* 
at the equator 15 =978,03/x° 
at‘Caléutta’ ' 15--978.82/x** 
at London 154981.19/x* ' 


In the EPS;system.; dyeragec value;:of.g is taken tobás:32.2:ft/s*, 
So-thelength ofa secona's; pendulum would be:3,26 ft. : si 
Abg 'Gli moon is almost 4/6th that on earth, a second's pendulum 
(g = 980 cm/s*) taken from earth to ‘the moon” would "have" its ‘tiie 
period increased „G times i.e. would take nearly 4.90 s to complete 
an oscillation. Incidentally, as the moon has nO aif, the pendulum 
would Continue to oscillate far longer than it’would on'earth where 
air-friction damps out the oscillations. “On the.sun g, is 27,1imes..as 
large as on the earth and hence, wefe it possible for a second’s 
pendulum to operate there, time period‘would be: redüced-to 2/8/53 s 
i.e, it would:oscillate much faster; orf? bna jrv 
| CEMDHURA The mass and diameter of'à planer arè both twice those of the 
earth. Fiad the time period óf à pendulum HI à setòris pendilimi on eartin 
(L I.T. 73) 
OV Sdlution : "Remember s GMIR" ^^ í 1o toV. C 
Tol gA Mag (Rey 1422" ^ 
* Si Mh Ua) 24 
cu AyAdpdans EX T Tae a (Teal iini TA 
» ia ind ar aiT (By we Tp =Faan 280 
Problem: You take a sécond's pendulum and a synchronised, watch driven 
by anoscillating spring to the moon, Explain what happenes to the times kept. 
(Néglecttemperature efféóte). ^ MHRA na lo wl 


uiub 
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"s 4011.18) Accelerated)Pendalumis's - -1 1 TER 
Pendulum bobs are made to'vibrate in à vertical pliiie bj the 
component of g perpendicular to the suspension when the suspension 
is not vertical. Additional accelerations may be imparted on the bob 
by (i) making it describe a horizontal^óircle Witt? uüaifórni “speed 
(ii) 3 aecelerating.the;support.in.a y értical: dizection (ijj) vaccelerating 
ithe;same; in.arborizontal; direction, :,, od « ialis 
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” 


A’ Coiical ;Pendalüm : "If the^bob (Pyora simple pendulum 


of length Z is so projected 
that it moves uniformly in 
acircle we have three forces 
acting on it (fig. II-1,11 )— 
the weight, mg | acting verti- 
cally downwards,; the, centri- : 
petal force m»’/r'. along-PN. . 
horizontally „towards ^ the 
center and tension S, acting , 


along the suspension PO, 
¿For sthe;;bab, oscillating in a, 


vertical plane, the 


force is zero but not so heres 
Resolving S horizontally and veal bare eB Wem os 


second i nin 


=o 


"mo*r- Ssi, and mg=S cos 0 


"dx? ro4x* Q5 
t = ———— —— L 
an o=o rig iy K ig BRE, 
og Ax^T sin or or T= », / et IL aid, 13.1) 


giano 


sd the’ cent dipetal acceleration ' effectively. dod: the pendulum 
length, Faster the bob' rotates greater is the angle 0 and. higher its 


mg B 


dowaward pull of M. 


plane of rotation. , Conversely, for, a. slow 
rotation 0... would. bea very small. and, ,,,it 

would behave as .a simple = pendulum. 
Compare the action of Watt's Steam 


Governor in Chap, (I-5). 


Ex. 11.1.5 A large mass M anda small mass m 
hang:at: the two. ends cof astring thane passes: throughr 
a smooth tube as shown in the figure, m moves, in 
o circle in a horizontal plane. The length of the string 
from m to the top of the tube d Find the frequency 


of rotation.of m which keeps M steady. 
p LA. T.78 ) 


Solution:  m:here.is.the Bobiof.a conical. pendplum, 
the pull of the support- Qa being. replaced. by. t the 


o 
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s1 So the tension F of the string would be mw’v/sin 6 as per above analysis, 


| pine. MI mol sin 0 
jt ESE sino sind 


S. o=4r’n’=Mg!mi or ala ME 


t 

Problems: (1)/ A sphere of mass 1 kg hung by a string 1m long is rotating 
‘once a second in a horizontal circle. If g=9,8 m/s? how far the ball will be 
raised from its position of rest and what will be the pull on it ? 

[ Hints :/'h=1-1 cos 6—1-gT'|4v*, T-2r JI cos 9/g ] 


(2) Find for a sphere of mass m suspended by a thread from a point and 
describing a horizontal circle of radius r with an angular velocity w, the tension 
of the thread and the time period. 


Hints: The system is a conical pendulum, Refer to fig. IL11l and 
'see that ^ 
S'muor4 mg'-m''g'otr*) 
zo Semdgruipi mg r TUE 

(To find the time-period let us note that the bob is subjected to 
two accelerations at right angles to each other g aud o?r. So there 
wesultant is 2 

= Li -2x a. | 
| f= Jg*-ro*r* nad hence T mtr oe 

B. Pendulum accelerated parallel to g: If the pendulum- 
‘support. accelerates vertically (up or down) the vertical component 
of the tension F on the string will be F cos 9=mig+/). [Recall 
he case of reaction in an accelerating lifi]. The horizontal 
‘component is Fsin 6, 0 being the inclination of the string to the 
Vertical, |For a simple pendulum we have to take 8 to be small 
‘so that ng 


Fem(g +f) and Fo = F(xll) e m( +f).x/l 


The restoring force perunit displacement is m(g+/f)/! ‘and 
“hence A : , 
viri Cos Te 28 NINES) i o (0-1132) 

The -ve' siga: applies to acceleration’ upward as in a similarly 
‘ ising balloon or lift, If the balloon or lift attains a steady velocity 
/f20 and the period of pendulum identical with that in a stationary 
"case which is T2:2x Jijg. ost pal agg 
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Ex. IL-1.6 A. simple pendulum hangs from the top of a stationary lift. 
. Compare the time period with those when the lift is (a) ascending with: unifoom 
velocity of 8 fils (b)  accelera'ing upwards at 8 ft|s* (c\ desending with a 
uniform velocity of 8 ftls (d) accelerating downwards at 8 ftls? 

Solution: "When. stationary, and. rising or falling with constant velocity f is 
zero and g is the only effective acceleration and. the time-periods will be equal. 


But when accelerating upwards effective acceleration is g+f. here g+g/4: 
when accelerating downwards the effective acceleration will be g-gl4. So the 
ratios of time periods will be 1:1, / (2/5), 1.1 QIN3). , 


Ex, II-7. An oscilating pendulum is just dropped from the top of a tower. 
Find its time-period, Also find the period of a pendulum in a smal! satellite. 

Solution : In both cases the pendulum stops oscillating. In the first case the 
pendulum is falling freely ie. its acceleration is g ie, effective acceleration 
g-g-0. Thus tbe time period is infinity. 

In a freely falling lift one is weightless 5 so he is in an orbiting satellite for we 
shall see soon that it is also.a freely falling body. So the pendulum stops. 


C. Pendulum accelerated perpendicular tog: Let a simple 
pendulum hang, from the roof cf.a railway carriage accelerating at 
f m[s? forwards, This acceleration: would be transmitted through 
the string to the bob from the support. The string and the bob 
would incline backwards at say 9, to the, vertical; because it is 
subjected to a pseudo-force in the accelerated frame, As) in 
other cases Feos 9=mg and Fsin @=mf where m is the mass 
of the bob, F the tension along the string. Then ' 

tan 9=f/g and F* — g*--f* (11-1,13.3) 
for the two accelerations are at right angles to each other, If the 
pendulum is now allowed to oscillate, it would do so about the 
inclined position but without change of period. s 

If a plane moves in a horizontal circle a hanging pendulum in it 
gets inclines just as above, away from the center. as. the sine. 
component of the tension of the string. provides the centripetal 
force, The passenger can, by noting the direction of deflection, 
find which way the plane is turning. It is the opposite, i 


II-1.14, Change of Period of a Pendulum y: 

Timeperiod of a” simple ‘pendula depends ‘only on its effective 
lengili aid the effective acceleration acting on the tob. Change of 
any oae of these quantities would change the period. If the period 


ee 
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inereases. the. pendulum is;said.to go.slow while itigees fast» when..the 
perioddécreases. 

' A discussion with a second's pendulum would clarify.the idea, A swing of 
such a pendulum takes'1 sec and in a day it would swing 86400 times, there being 
0! many eecorids per! day." If the'time:period incréates, in a day there would be 
less ‘than 286400 swings "and hus the clock would go slow. “If the ‘period 
diminishes ,there would be more. than.86400.swings.in.a day and-the clock would 
run-fast. i 

A. Now change in. ‘Geta occurs ' with éhange "of "temperature. 
Wershall return .to«the topic\in the Chapter 1V:3,8,» For the present 
know: 'that,: ifa © solid\rodof length 7, is heated through ‘a 'tempera- 
ture "rise "of f then "its length increases by /xt where x, the cdéflicient 
of linear expansion, is a characterstic of the .solid,,used as the 
suspension. of.. the ..bob..in -.clock «petdulums; > ‘With rise'in temp in 
summer theweffectivelength : increases, -so does T (the time period) 
and the clock runs slow, .Reyerse.occurs during. winter, 


3B. Change: in the value of g also occurs with height above'and 
depth below the: surface as’ well’ as'change in latitude on ‘the earth. - 
Oncother) planets g is different’) Again-wt the same’ place‘however, 
.g can ‘be: changed artificially. ` We consider»two such eases, 


‘(@) Let the bob ‘be of iron and just below its mean ‘position’ det 
there be the pole of a strong magnet. Magnetic attraction added to 
gravity obviously increases-the downward acceleration, say by f and 
the--time-period becomes 'T—2x JI/(g4- f) Tg D ahd ‘thus the pendulum 
will swing quicker, clock running faster. 


(b) Above we have considered a pendulum, in.a plane 
ora car moving in a circle, Then the support has a centripetal 
accleration in addition’ to that due to gravity and at right angles to 
each other So the effective acceleration increases from g to, 
IP tor (see (eiue 20n page 28). saik the time period 
becomes ms i 


Tin ct a) un l ËL 41 
; "rpg" Men ier. o o OELIAD 


C... Loss or gain of time by.a, pendulum, clock. < Since T. depends 
on J aud | 8, a. change in T can be. eiaed from Artai its, 
expression, 
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T—2x;]]g NowlogTalog 2a y tog 1— log g. m 
Differentiating eachyvariable wyt itself we get is f 


ati Ww 
T2 g ied 
- Again if.N be the-number.of swings a day we know ^ ^ 
NT 86400 s const ' TES 
NdT4TÀN-0 | duci 
«Fale T) Te) 


From this, result we can yery easily .find how many.swingsa 
second’s, pendulum would jlose xoro gain. (per day: due .to.change (in 


length or acceleration due to gravity. i " 


From the above formula we find three cases. p to ofa) fe) o 


(à) Ifg is constdg=0, ‘Then, dN=—43200,diji.,. The pendulum 
¢ loses, (11-1.14,3A) odii big tea ; 
(b) If 1 is const di=0, Then dn=}N.dg/g =43200 dglg. The 

pendulum gains, (B) Bos» ovat SN 
(c) If bothy and g change dN may be +ve or =e. , 


Ex. II-18./ d. Seconds pendulum loses 5s a day. How and by how much is 
the length to be altered so that it may keep correct time ? (H.S 71] 


Solution : We miist'use (A) above. Here dn=5. N - 86400 
dN. , d , d,, jdN. _0x10q up 
ONE L.S d.e Nn gei) MED ror 


Ex. II-19. A pendulum beating seconds is taken from. Calcutta (g=978.82 
em|s*) to London (981.19 émils*).| How. many seconds will it gain per day? 


Solution: Here dg 2983.19 97882 cm|s*=4.37 cms" g — 981 emis? 

scs Prom (B) abore ok SoA. d 

Ex. II-1.10. / Andiron pendulum (second’s) keeps corxectitime at'seaslevel and 
at 20°C temp. Ipis taken to the top of Everest 8848 m high "and ata temp of 
-30°C. How many seconds change would occur in a day? 

"Solution | Diminution in temp leads to a shortening in length which dimini- 
shes! T° while ‘height diminishes g lesding to aifinerease’ in?T, The former makes 
the étidulutiiswing faster, the latter slower. (Now ` ERANT 

1 J MET (WW | 


1 dN dl K 
ak Naame. SaN a[&- 7) (obasq/ ass dd T S) 
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We know from eqn_II-1.10,3. that dg/g= —2h/R.oAgain «, the coefficient of 
linear expansion with temperature is defined as í ; 
Increase in length | dl) 
ane, mou wi fà 


s Na di, Ba, pn 9808 17 = 
a Tai EF ja gorge gi Ias 


The radius of the earth is taken to be 6367 km and « for iron 12x 107* % and 
dt is — ve as the temperature has fallen, N=86400s 


s dN- (3% 10745348101 ) x 86400 


‘So the clock will go slow by nearly 1 min. 10 $ a day. 
Prob." Find’ the change in seconds of a second's pendulum per day if its length 
is (1) increased by 1% (ii) diminished by 0/195 9-0 [ Ans. Loss 4325 gain 43.2's |" 
D. Use of a Pendulum to find the nal ofa hill, depth of a 
mine, latitude of a place : 


The basic fact in all these cases is that g "diminishes with height 
and depth and increases with latitude and the: time-period varies 


as 1] Jg. 


We have seen in the article II-1.10 that in successive cases 
(elg - (1-29), (e/s0)=(1—d)R) and (e/s.)= (1-9) 
| [ for e Rue mis | > 
s rjr,- (1-2 in =(1+4) ; Te , 


NAID -1/3 cos? ! 
Tiang "n Lww n | 
LORN S 1 3 cos 7A 
Now, n" T^l rh] TaS 5,7! ene | 516 
Sn-me hon ne ca ead cos™ 6i 
jme ange bus RU m PON AR dei gp oft TE 
5 “gti, 144) 
Prob. (1) ‘A second’s peodalam correct; at silere dome 105. sj day at; the; 
top of a hill. Find is Belek EB nD Be rae in (Ans, 740m): 


[ Hint ; dn=10no=86400 ],. . 
(2) The same pendulum in & mine loss Sea day. "eed. dope. (Ans. 740 m) 
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(9) A second's pendulum is taken at sea-level from the equator to the "Tropic , 


of Cancer. How, many seconds will it lose a day? . : ime 
[ Hint : Asa = 0% Aro =23 i? N. cos 2) 19-2 0,917 ] ENDE 
(4) A pendulum beats seconds on the top floor of a high rise building, At. 
its basement it gains 2,7 s a day. How high is the building ? (Ans. 200 m) 


II-1.15, Motion of Planets : : i 

From the dawn of history man. has gazed with awe, wonder and)... 
very often with profit at the sky, the sun, the moon, stars and planets... : 
Ancient Sumerians «and. Egyptians nearly, 6000 years ago kept .., 
surprisingly - accurate: track of the stars, The Egyptians synchronised ... ;., 
the rise of the Dog Star or Sirius in their late. summers with floods of m 
the Nile that gave life to their land, The Chinese and Indians showed» o 
great awareness of the motion of heavenly bodies and the correlation... 
with change of seasons, The Greeks coined the term ‘planets’ meaning , 
wanderers and developed complicated theories about their orbits, that : 
lasted from’ the days of Aristotle (384 B,C.-322 B.C ) to Copernicus. 
(A.D, 1469 101343). Tne later overthrow of their geocentric (geos- ^ * 
Earth) system led to initiate the heliocentric (helios-Sun) system which © 
grew quickly at the hands of Tycho Brahe (1546-1621), Kepler i b 
(3571-1630) Galeleo (1564-1642) and Newton. (1642-1728) into the 
great science of Astronomy we know to-day. 

A. Kepler's laws of planetary motion : Tycho Brahe a Danish 
astronomer, was the first among the moderns to make reasonably 
accurate records of the positions of planets in their motion across the 
sky, He had no telescope then to 
help him, From a close study of 
these records Kepler enunciated 
(1609-1618) three empirical laws 
on the motion of planetary bodies. 

(1) Each planet moves in an 
ellipse around the sun, which 
occupies one focus of the ellipse. f 

(2) The line joining the Birup 
centers of the sun and the planet sweeps out equal areas in equal 
times. : war Nine E, : (,3) :0dunge 

3 " 


————— t T 
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(3y ^ Thé: squares'^of the periods of revolution of the planets-round «. 
the sun are proportional to the cubes "of. their mean distances from: 
the sun. ; 

BA Discussions 3.(1), The first law follows from the geometrical 
analysis, thatif a particle ig'to:move ina closed path underan inverse... 
quare force, it must follow an elliptical path. Thus it is a simple 
sorrollary from the Newton’s law of gravitation. Keplers law was 
publisted (1609) long before Newton’s (1687). 

The” shape ‘of an ellipse is determined by its eccentricity, which is 
the ratió of the ‘distance’ between the foci to the major»axisi.of the: 
ellipse. "Mercury" has an eccentricity’ of'0:2. That ofi Pluto is:also« 
high; But other planets have values ranging from 0,007 (Venus) to 
0,09 (Mars) That for” earth is about 0,017, For such: small 
eccen'ricities we may treat the orbits as circular. 

(2) "This law: is known as the law/of  constancy of areal velocity 
and follows'from the ;principle-of conservation of angular momentum. 

Consider fig, II-1.12 Pis a planet of^mass.m moving in: an elliptic orbit 
around the sun. The sun is at a focus. S ofthe eilipse, .If in time dt, P, moves, 
from Ato B,the area of the sector it describes is 3r'd?, and the areal velocity is 
dr doldt. Now, the angular momentum of P around S is the product of its 
moment of inertia I(=mr*) and angular velocity c ( de[dt);' Since the engulat- - 
momentum of an isolated system is constant, mr’ d?|dt. is a constant. 

Because ofthe constaucy of m, r*dójdt. will.be.. a constant. and 
also the. areal velocity. 
But. because. of this. 

constancy, velocity at, 
perihelion exceeds that 
at. aphelion, Fig. 
I-L13. shows the 
path of the earth 
round the sun appr- 
oximately at different 
montbs of the year. 
Note. that we are 
nearest to the sun 
(r,)during our winter 
and farthestin Our 


Fig. I-113" 


summer (r,) 
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Hence to keep the area swept:out:equal, the arc length 1 to.2 is 
much greater than that between 7 and,8 on the orbital path of the 
earth, So it moves the fastest in January,and the slowest in July, 

(3). This law can be directly deduced from the law of Gravita- 
tion by taking the planetary paths to be cir cular... This “we achieve 
by equating the gravitational pull to the, centripetal force, required to 
move the planet in a circular orbit, 

Let M- mass of the sun, m- mass of a planet, v- orbital speed 
ef the^'planet and-r-the "distánce "between: them,‘ bres if T is 
the periodic time of'the planet; 

GMm]r* =mi]? or GM[r 2 S Qar|T)* —— NE 
s. T*[r* 2Ag?|GM |. a constant (11-1.15.2) - 

This relation is. independent of the-mass ofthe planet, and hence 
is the Same for all planets, a very important conclusión. 

Prob: Calculate the mass of the sua, given that the radius of the earth's 
orbitis 1 Astronomical unit (15%10'* cm) and G=6°67 x10-* egs unit. 

[ Hint: Takë’ T=] year=365% 86, 400 seconds and! apply the ‘above’ ‘eq. 
Ans,i(2x108* g nearlyo] 

C. Simple deduction of the ‘law’ of gravitation’ from Kepler's 
laws.) Kepler's» laws: give\a;simplevand fairly.acourate description of 
plasetary motion without offering any explanation. To: interpret . 
these laws Newton discoverd the law of gravitation, A rigorous 
derivation is beyond our scope, We use the simplifying, assumption ` 
that a planet moyes in a circle round the sun. 


To ‘keep thé- planet movingin a circle round the sun requires the lu» 
application of a centripetal force ‘given by 


F=mo "re tm. : : 
This force must, be, directed, towards the.sun, cL II 3 


For two planets, distinguished by subscripts and: thessatioof i 
F, to F, is given by ; 


F,"m, Te ty 
But Keplers third law states:that 7? p or-that 
Ta^ ds = (he same constant for all laneis. | / 


ee so eT ee ee lll, BH 
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Hetice See ita | Rca Le (H+1.15:3) 
i e sim — 
T TF, m, ra" m, i” w 
‘or. Fi. P» =a constant =k (sa " (II-1154 
i m,jrj? mlrs" eS key) ie v à 
^. For any planet K must have the same value, 
» j r 
Fek | (11-1.15.5) 


k having the same value for all- planets in accordance’ with. Kepler's 
third law, The force of attraction, therefore, varies as the inverse 
«quare of the distance from the syn, and is directly proportional to 
the mass of the planet. 

From the law of equality .of action and reaction, it.is easy to 
argue that k will contain the mass of the sun. For.the force F will 
also. be the force with which the planet aitracts the sun, Since F 
involves the mass of the planet, the reactional force should involve 
the mass of the sun, Thus k should be of the from GM where G is. a 
constant and M the mass of the sun. Hence the force of attraction 
between the sun and.a planet is ofthe form F= GMmlr*. ...(11-1.15.6) 

Ex.II-1.11 At perihelion Mercury is 2.86 x 10* mi from the sun and has a speed 
of 35 milsec, At aphelion it is 434 x 10* mi from the sun. What is its speed 
at aphelion ? 

( Note : Perihelion is that point in a planet's orbit at which it is nearest to 
thesun. Ataphelion it is farthest from the sun ). : 

Solution: At petihelion and aphelion, the path of the planet is perpendi- 
cular to the radius vector drawn.from the sun. See fig. II-1.13,, Hence the 
rate at which the radius vecter sweeps out areas is_}x length of radius 
vectorxvelocity, By Kepler s second law this remains constant throughout the 
motion. If v bethe speed at aphelion in mifsec, «ii 

428.6 x 10° x35=$%43.4x10*xv, whence v=23.1. 

Ex.II-112. Distance of a planet. Calculate from the’ following data the 
distance of the Mars from the sun ) 

Radius of earth's orbit (r,) 21495 x 10* km. 

Earth's year (T,)7 3651 days. Mars’ year (T,)=687 days, 

& UM 


n ? 2 f 
From Kepler's third law Tati are Mn 
Solution : Substituting values we find r,=227.8x10° km- 


Prob. (1) Mars has two moons. Deimos, the larger, orbits at a mean distance of 
6.9 Martian radius from the centre of the Mars, and its period is. about 30 hours’ 
2 * 
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Phobos, the smaller.moon, has a period of about 76 hours, _ How far, in Martian 
radii, is Phobos from the centre of Mars? ` ii hg (Ans. 2.77) 
(2) Neptune goes round the sun in 165 years. "Show that didis of its 
orbit is about 30 times that of the earth, both being taken as circular. ` 
11-1.16. Motion of satellites. The grávitational attraction of a 
planet on its satellite makes ‘the’ satellite’ move round ‘the planet. 
Let its orbit’ be circular; The gravitational’ attraction supplies the 
necessary. centripetal force, This applies ‘equally to natafal© and 
artificial satellities, eor x tex t Ta os 
Let M= the mass of the planet, m- he mass of the satellite, r= 
the radius of the'circulàr Orbit’ of the satellite; T= the time in 
which the satellite goes once round the ‘planet {that is ats “periodic 
time), e =the speed. of the satellite in its orbit, Then since the 
gravitational attraction = centripetal force, we have-- 
i GMmjr? zi [ror GMJr- v* = (2r T)* . 
NT or T?|? -Ax*|GM a A (E1161) 
Noté‘that this is the same-équation- 8s for circulation of planets 
sound the sun, 7*//*will have the same value for all satellites, 
real or artificial, of à given planet. N És 


Problem: An artificial satellite circles the earth near its surface. Find the 
gexiodic time, g ven that the radius of the earthe64x 10* cm and g =980 cm's”. 


t Hint: g=GMlr’. Hence T?=4r°rir' |GMi=ar'(rlg) ^or T=2nJrig. ) 
( Ans.’ 1 hour 25 minutes nearly. ) 

A; "Obbital ‘Velocity "and Period of revolution of Planets 
and satellites | P dt "v 

Tákwg the planetary orbits round the sun and those of *atellites 
natüral:of artificial, to’ be circular these! quantities can be "very 
easily found, (Sze the hint to the'absve problem.) We take as 
above Centripetal force = Gravitational pull of the sun, 

or m»![r- GMm|r* 9 

or. Vo= JGMII*t- Nge Ki o MD TAF to o (H-1:162) 

and mo*r=GMmlr? or (4x*:/T*) = GMJr* 


T22« JF GM - 2n. gata |e voe "ar 1.163) 
t of a'simple pendulum of 


Note that the time period is equal to tha of a sim 
length equal to the orbital radius. Remember however that in. both 
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"Of' the “last “expressions g réfefs (o  accéleration prodücéd Dy' the 
attracting bodies, the sun for the planets and planets for satellites, 
Note that in the problem; above: M and g. refer: to.those of the earth, 

Orbital. „velocities: of sany planet),can be .very,easily determined 

, however, if -we.; know its: time-period: i e, the year. For-example, 
the .earth,-is-93)-million-:miles from the.sun and: takes, 365}, gays 

natolgotronce; round. the jrsun, -iS its»;Obitabs-velocity - would. be 


i 23,14 93 x 109 mi isz-29.6 K 
(%0)= 3551 x 86400 5 = 18.5 bab .6'Km/s, 


| ooiB.or adi END or Pácking:Orbits 2. > It. is'one of »the latest 
^triumphs of to — to;place»a;satellite-at such »a ihéiglitithat 
As (i) it^has the-semé period 

as:'the»: spin: time of, the 

| earth'dnd (jjj moves in the 
same sense from west to 
east. .: Then.there wouid be 
„between that. satellite .and 

_ the , earth. no .,apparent 
relative motion and it would 
appear to "pe. stationary in 

the heavens like. the pole 

aitaa Star, ‘though for. an entirely 
,, different cause, Such a satellite is said to.be, Geo-synchronous ( Syn- 

3 ` same, chron-time ) or Geo-stationary and their orbits, Parking of, geo- 


Fig DRM CC 


4 


,stationary. They generally orbit in. the plane. of the, equator as 
„shown in the Fig II-1.14, , Their height (H) follows. from Kepler 
3rdlaw. We have seen above t^at i 
3 g4x* G Mi K 
= "Gu and mo*r a^ vs 
4r GM. GM ‘RA, Rg* 
fot Te ae a e sta" 
~ Now then 7? /r%= 2% AE DN (II-1 16.4) 
S4 GM ER" 
a re [Ete "rs CAE c REEL 
» Dew Ax iw e roc BEL 


242400 km, ` : 
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Hence its height would be. H5 —r— R2«36000 km. 


Some countries inciuding our India have placed (April 198?) geo-synchron ous - 
satellites (INSAT—1) in orbit . They reflect short radio waves back. toearth over 
awide area beneathit. Radio and TV programmes including educational items 
and sports events are transmitted live with their help. In addition Insat—1 is 
monitoring growth of cyclones and moonsoons, weather and ‘condition of glaciers, 
the source of our life-giving iverson the high Hamalaya:; continuously; -instanta" 
neously and transmitting all these information; cheaply. 


C. Artificial earth satellites The world was taken by:sunprise 
when) ‘early in October... 1957, » Russia : successfully: put / the first 
artificial earth satellite in orbit, at thes first» attempt. .Subse- 
;iquently there have been.more. of them and bigger ;t0o,, America 
vying» with .Russia in the field, . Fig; H«115 shows.,a . sazellitce 
in.-orbit, its » velocity changing direction: as: at points; :- (1). and. 
(2) under the pull of the earth. pada 


Let us.examine the circumstances inwhich a, body. can .contir ue 
to.-move-'round -the earth more :or...lesss like.he.moon. < Its not 
difficult to imagine that the DE 
body must be moving at a 
high. speed to ayoid being 
drawn to the earth, !f such 
a fast motion takes place 
in the atmosphere, friction 
with the air will reduce the 
speed and, *bura™ up the 

"body by the heat’ generated, 

i as for a me'eor. Hence, 
for'the motion to continue, 
at least for a reasonable period the orbit of the body should 
be beyond the atmosphere. 

We know. that theatmosphere gets thinner and thinner as we go Up, 
its density diminishing exponentially ( fig. in $ 11-6.15), Ata height 
of 10) miles the density is very low, of the order of 1072* g/cm°. 
An artificial satellite should move at heights of 100 mi'es or 


Fig. H-1.15 


* Our India have put several satellites in. orbit, the first being Aryabhatta 
/11:-mote than a decade ago (1975). i ` 
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more -above the surface of the. earth if it is to continue in its orbit 

» >for a resonable time, 

If M= mass of the earth (=6 x 1024 kg), R=radius of the earth 

. (264x105 m), G=universal gravitational constant (= 6.6 x 10-11 
mks units), it may be shown that a body projected with a spze¢ v 
from the earth will move as stated below ; 

(i) When v°<GMIR (i.e., v tess than 49 miles per sec), the path 
is an ellipse and the body is drawn) back to the earth, 

(ii) When v* « GM/R (ic., v» 49 mi/sec, or about 18,000 mph.), 
"the body moves in a circle around the earth, 

(iii) When v” is greater than the above value but less than twice 
the value, ie, 2GM/R, the body moves outside ‘the earth in an 
elliptic path with the centre of the earth as one of the foci of the 
ellipse, (v between 4.9 and 6.96 mi/sec). 


(iv) When v'-2GMJR, or v=6.96 mif.ec or about 25,0C0 
mp.h., it moves in a parabolic path and escapes from the earth. 
The earth’s attraction can no longer hold the body, This value of v 
is called the escape velocity ve. 

(vy) When vis greater than the above speed, the body escapes 
along a hyperbolic path, 

For artificial satellities we are concerned with case (iii) above, i.e, 
s lying within the range, 18,000 to 25,000 miles per hour. 

To visualize what happens, following Nc».ton, imagine a mountain 
rising beyond the atmos- 
phere anda powerful gun 
placed there, Suppose it 
can fire hori zontally she's 
with speeds we desire 
(fig. 11-10. 16). 

When the speed of a 
shell is less than’ JGM/R 
(ie. 18000  mi/hr the 
; earth’ pull causes the 
j Fig. Il-10.16 shell to . crash .on its 
surface at some point depending on the a.tual speed. : A larger speed. 
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(but less than JEMIR vill cause the shell.to crash; at a .remoter 
point. “When the speed is equal to: V/ GMJR (i.e.;.18,000 mi/hr) the 
shell moves along a circle The earth’ pulls the shell continually 
towards its centre, but the speed of the shell just keeps it from falling 
into the earth, It will then behave as a satellite, 


If the speed is greater than 18,000 mi/hr, but less than the escape 
velocity of 25000 mi/hr, the orbit of the satellite is an ellipse with 
the centre of the earth as one of its foci, As the satellite moves round 
the earth in an elliptic orbit, its distance from the earth varies from a 
minimum tó a maximum (i.e., from perigee to apogee). 


p. Launching of Earth satellites * We do not have such a 
mountain so we arrange to raise the satellite to thé required height 


and there discharge it just parallel to the 

earth’s surface there with à fantastic speed 

of between 18 to 25 thousand mph. The . 
raising is done by very powerful multistage 

rockets, -Whereas the satellite alove may 

weigh say a thousand kg, the rocket 

system goes up to several thousand tonnes ; 

for the satellite has to be raised at least — 
about 100 miles The system is fircd 
vertically and at first rises slowly so as to 
avoid burn-out by friction at the lowermost ' 

and densest part of the atmosphere. 
with height friction falls. off, and the, 
rocket speeds up... At a designated height, 
one stage of the rocket falls off and 
suddenly the spetd boosts up due to loss 
of a large, mass, linear momentum being 
conserved. Small retro-rockets slowly tilt 
the. trajectory. „tillat the desired height the Jast, of the rockets 
disengages itself, spewing out the satellite or capsule in, the desired 
direction and speed. . It. moves out in the direction the earth. spins so 
as to include the considerable velocity. of the earth in its motion, 
The freed capsule in its flight path is shownein) fig; TI-1:15. 
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‘Fig. H-1/17*shows “the ‘forces acting, which are Fj =Mgu down- 
wards (And! IP the reaction of the» rocket pad ,upwards. | When 
urisingothe forces are; upthrust.P, downward pull F, so that the 
lupward. forcesis their; difference f= P—F,= Ma producing accelera- 
F APOGEE 
ee OS 


NM psuLe  ASTRÓNAUT CONTROLS Su. 


pipise FOA RE- SEN 
€ sapi AN TEM 
EI 

y osas SLOWEDTO pi 

B nmi sQmihr . S 
jd 
borin ger ‘Sib Sh aani 4 la 
LAUNCHING PAD IN OCEAN 
Fig. II-1.18 


tion a In the figure f, is the weight of the astronaut 
Fig. I7-1.18 shows the parabolic flight’‘path of the first American 
‘astronaut, It is assumed that over the whole fight “path -g ‘remained 
- ati constant for at the’maximunt’ ge seh of ‘about 115*miles, it 
diminished by less than EA 


;E Weightlessness in, Artificial earth satellites, In- an orbiting 
earth-satellite the whole of the earth’s gravitational pull is spent in 
giving the satellite the necessary centripetal pull. It is actually a 
freely falling body, falling towards the centre of the earth with the 
acceleration due to gravity., Its orbital speed prevents it from crashing 
on the earth, 

| Our sense of weight arises out of the’ reaction which the support 
exerts on us, A man Seated in such a satellite does not experience 
any force exerted by the seat on him, as he does when seated on 4 
stationary “body "on the earth, since both are falling freely” He 
therefore feels weightless, The situation is very much the’ sameowhen 
one ‘descends i in a lift. As the lift accelerates downwards the reaction 
‘of the floor on à person standing in the lift diminishes, The'per:on 
feels: fighter, Ifthe’ lift descended with the accleration of a-free fall 
“under gravity, the reaction of ‘the lift^on the person will be zero. 
The “person ‘will feel'weightless. "Itisthis kind of thingithat happens 
in an orbiting earth satellite, : 
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An alternative view is 'also'?to the point. “Since! the borbiting 
satellite’ is: accelerated” Ceiitripetally "if provides‘an. accelerated'fra me 
of reference to the astronatt inside, ° Henee d pseudó-force veo uld. 
‘act-on him-^away from ithe center, (the centrifugal forcey equal to the 
centripetal force, s Hence’ the fesuliant force; on him towards the 
éarth’ vanishes and» the /astronaut feels ^ weightless.. : This:isya -very 

iuiusuals cónditionvwand the astronaut, with everything inside would be 
just floating about." "The'physiological functions- accustomed. as ..they 
are to^gravityy get completely upset. ;;Herce the»long ‘training of 
prospective spacemen, in» simulated “weightless”, „condition on earth, 
To minimise, these; inconyiniences . the orbiting, satellites.are now-2- 
days made to spin about an;axis so aste restore some RM sensation 
of weight. Pays a i anda 

1a: av gravitational field, df son a. moving small body. mo other 

cexternal foreeacts:iexcept the gravitational; the state, of, weightless- 
ness would existe). Ina freely falling ift, spaceships; OF artificial 
satellites suchrconditions hold. The phenomenon is independent of 
material medium. "But a solid floating iü'8 fluid medium (liquid or 
gas) is also weightless) because: its-weight is balanced by the upward 
acting force of buoyancy,due,to Archemedes Principle.to be, discussed 
under Hydrostatics. Ainon mios dhis si et 
ỌN: Be We ordinarily»define»'the» weight of-ia- body as-the pull 
of the earth on'it: “But* this! "pull “js atways ipresent, Actually” our 
sense of weight comes from t jë reaction to this pull. ‘When re hold 
a book on our palm, the, weight of the book presses on the palm. 
The reaction which the palm exerts on the book gives us 4: sense O 
the weight ofithe book; ^ Asiwe:stand on thefloor, thenreaction which 
the floor exerts’ on düt fect gives us the sense! of otir weight. vIn an 
artificial earth satellite;'the fidomd oes miotexert aiay c reaction 9 
standing on the:floor. :'Both'are actedwon by:the force-of gravity, but 
the' force-oir each: is fully’spent in supplying the «necessary . centripetal 
force. 0 No force is left to produce à thrust; by one C dee] other. 
(In: water, a mai. feels: almost weightless.) This: gives you jscme 
' idea of owhat wéightlessness is pke. y) cag 5 10 "7 ? s ? 
itay. A; Esch velolity. The gravitational pull mfia larger 
‘body can hold Passater dy eave ia itsi dvi tation het if the 
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speed of; the latter isnot too large, | The minimum yelocity ;wbich a 


sm ismaller-body must have to escape from the gravitational attraction of 


Rf 


fi 


i 


lit 


a 


$ 


i 
i 


.a larger. body is called the escape velocity ve. 

UAD Velocity “of escape from the surface of the earth. Consider 
a body^of mass m at a distance x from the centre of the’ earth. If x 
is ^ greater! than- the radius R of the earth, the force fiwith which the 
earth pulls the body is given by f=GMm/x*, where G = gravitational 
constant! and M — mass of the earth; If the body is displaced by an 


lo amount dx “against this attraction, the work dore will be: f.dx. 


? To pull'ihe body” out of the edrth’s attraction from its position on 
"the Sürface Will therefore require an amount of work 


Wel? fax (> GMm j, GMM ita 
w-[*5 Jis Ve x a R 1 dl) 


‘If a body on:the surface of the tarih be projected outwards (in any 


-' ^ direction) with a kinetic énergy grea tet than this value, it will escape. 


"The minimum escape-velocity, ve, is therefore given by 


age E dm, Taree bile? ip Sr et | 
Nodo beonslnd ci uique ITER! aioe o:s (iaga 


This is also the velocity a bodj would acquire if allowed to fall 
to the earth from infinity. 

Prob. Ù) ‘Calculate’ the" velocity Of escape from: the surface of the earth. 
-givén that the mass) of the. earthe5,98x 10:* kg, its radius 26.37 x 10* m, and 
@=6.67x10-'* mks unit [4ns.. 112 km/sec, } : 

(2) The mass of Mars is 0. 108 times the earth's mass, and it has a radius 
0532 time: the radius of th: earth, What is the — velocity from the 
‘Mats ? ^[ Ans. 5:04 kilic: J an 

H (3) Theimasi of Mercuty is 0045 time the ‘earth's mass, and its radius is 0°39 
;€arth.radius, ; What is the escape velocity ?..[ dns, 3'8 km/sec. J- 
Bo Rarity of:;certain gases in the Atmosphere : 
The escape velocity from the “earth, as we'see above, is about 
71 miles/sec. ^ This is more than thirty/times the velocity of sound 
in air at U°C, © and. about 6 times the ‘velozitycof molecules at 


' the same temperature! ( :IV-6.6 ). ^ Even. if» the average velocity 


of the molecules of a gas is.259 or so-of the escape. velocity, 
+an appreciable fraction of the molecules v will have velocities a above the 
escape velocity, Such fast. molecules wil! soon be lost by ESCE from 
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the ‘earth's atniosphere,  The'earth was very hot'in the past and the | 
gas molecules ia “its atmosphere had higher velocites, : The lightest 
gases, hydrogen and helium, had the highest velocities, They gradually 
escaped from the earth while it was hot, This explains the rarity. of 
hydrogen and: helium in the earth's atmosphere. sri} 

Ifthe moleculer speed is one-fourth the escape value, half the. 
number escapes in several thousand. years. If it is one-fifth, the half- 
life is of the order of several hundred million years, ` 


C Absence of atmosphere on Moon and Mercury : 

The fióon.has.a'iuch smaller mass than the earth (v, — 2.4 km/s) ; 
and so also has the planet Mercury. They could not have retained any 
gaseous atmosphere about them because of the weakness of the pull. 
There:is evideace: to. support this view. The same thing applies to. 
satellites of all. planets... But Titan of Saturn has an atmosphere, 

D." Trajectories : The following table shows what the path of a 
body will bé if it is’ projected-from a point on the earth's surface with 


varióus velocities v "Theminimum escape velocity, ve, tis 2GM/R. 


Velocity Nature of path 
ioue ABSA rera ime sss NBC Up 
A. vov? Hyperbola, The body will escape 
T from the earth, 
B. v= Parabola, The body will escape. 
Ellipse, with the earth at, one 
C, v'zw?, butzv,?/2 focus (cf. motion of earth 
round the sun). 
D. v*=,°/2=GM/R Circle. 
E, v%2v,"/2 i Ellipse. ] 


Prob. Show that the escape velocity of a body from a planet is 1.41 times that, 
of its orbiting velocity close to the planetary surface. ^ ` Seta 


1I-1.18.. Energy considerations in the Motion of Satellites : 


Refer to.eqn 11-1.6.2. for the potential of a unit mass on the 
surface of the earth; itis GM/R. If the mass of the satellite be m 
and it rotates in a circular orbit of radius r then the potential energy 
of the system is U= —GMnmljr. (II-1,18,1) 


ov 


d 
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[As forcezof gravity:is-attractive and.so«--ve, potentialis zero at ... 
infinityj/andsas the body moves;towards be. earth in the direction. of 
the forze the work „donec and -hence»the, potential. energy. ds, ve... 
(see 1:1-6/1) 2:0 enisl i 

Now the K. E. $ ihg evolving satellite- which anis M senden 


— ve is , 


Eo edo 


re aiia on Kedme m E. (1182) 


*. TTotalenergy E=P.E}K E= gum. ot Sm bs jue 


(11-1.18) 


The total: energy is | this constant but’ —ve-' indicating thats 
the system is-à-élosed one, the»; 
satellite. or the;planef, being 
always bound to the: attracting 
plavet; or. the gun.and, neyer., 
escaping. Fig JI-1.19 shows 
the relation v; between the 
energy and the separation, 
further the satellite; less — ve 
is its energy. 

Nate; The same picture 
holds for the electron revolving 
round the proton in à 


ENEROY me 


Ly 


Fig. M119 Yo) 


hydrogen nucleus. 
i 


Because of air friction energy of a satellite gradually“ diminishes 
and it falls to à lower orbit, the respective — energies beivg 
` —GMm/2r, and —GMm]2r,. "As r, >r, it follows that GMm/2r, 
>GMm/2, is. from Il-1,18,3 diminution in PE is twice the 
increase of FEE ie. Med occurs a TOA OR ele. on thé*whole, -° 
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*STRUCTURE AND PROPERTIES. | 
OF: MATTER? 


1I-2.1. . Three. States of Matter, à 


Day to'day' experience: tells us thatmatter exists dn three forms; 
or states solid, liquid and gasesus; Scientists recognise;a fourth ‘state 
of matter the plasma, ‘matter! totally»ionised. at/a veryoiveryi high 
temperature showing 'none «of the properties of: mattero we know o 
It is the stuff stars and our sun are made:ofi ; 

Solids have definite shape'and volume, a'liquidyhas volume but no. 
shape, gases neither, | A liquid. takes; up the shape of its container : 
while a gas both the shape-and'volume:of -the: same. | We, may put;. 
their differences this way a solid isto bessüpportéd: from below,to 
prevent its fall, a liquid is to; be supported" from «its: «sides;in; addition, 

{wale a gasis to be limited from all the directions. .- As liquids and; 
{gases can flow, they are called fluids.: %7 , 


112.2. Common Properties of Matter : is 

All types of matter exhibit the properties detailed below— 

(i Inertia; This, the most basic of all properties of matter, 
relate to the facts given in Newton’s first law ‘of motion, that matter 
can (i, neither start, moving nor when moving, change ii) its speed 
or (iii). its direction of motion by itself. . They have been discussed ` 
in detail in.connection with Newton’s laws of motion. 

(ii) Gravitation: Any rwo particles or bodies attract each 

Fother. anywhere. in the universe, This has been the subject matter of 
the previous chapter, 

(iii) Extension: Bach atom mus! occupy some space, however 
small, ,,A repulsive force, comes into play when they are closer to 
each other than a critical. separation. So, matter, occupies volume, 
This,property, of matter is. called. its extension sy 

(iv, Porosity : The above point indicates that there must exist 
empty spaces .in.between atoms of matter., This separation in solids 

MOR hills Mi LS OLE 
* Fos tie more inquisitive Student: (Mayubeyomitted byrotherssri: | 
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and liquids is of the order of 1 Angstorm unit (=10-10 m). Hence 
matter must be porous, This is the property responsible for osmosis 
and diffusion in is and gases, Very slow diffusion occurs im 
solids'also, 

(v) Compressibility : : ) Because of porosity, matter may be 
compressed to more or less extent, inspite of atomic repulsive forces, 
For solids and liquids compressibility is very small, while gases are 
highly: compressible, Compression is always. opposed and that 
happens because of the property of elasticity. 

(vi) Elasticity : All matter tends to maintain its shape, size or 
volume ; for under that condition only. the potential energy in it is 
minimum. Compression or dilatation requires work to be done. and 
hence“ storing ‘up of potential energy. Elasticity is that property of 
matter by virtue of which any tedency to deform the shape size or 
volumié is opposed and it regains its original condition when the 
balanced system of deforming forces is removed. 

(vii) 'Impenetrability +- Two different pieces of matter cannot 
occupy the'same space. Drop a stone in water and it displaces its 
own volume of water to take its place, To some extent it is opposite 
to porosity bat note that the latter is a small scale (microscopic) while 
the former a large scale macroscopic) property of matter. 

(viii) Divisibility : Matter, particularly solids can be broken 
down into smaller and yet smaller parts ; you can’ take out from a 
container small amounts of liquids or gases, In no such case, the 
physical or chemical properties do change. You know that these 
remain uachanged till you reach the molecule or for elements, atoms. 

(ix) Cohesion and Adhesion: Water sticks to glass, paints stick 
to wood, glue adheres to paper, tin to brass—all these happen due to 
the property of adhesion, When attraction is found to occur between 
molecules of different substances, adhesion is said to be active. 

Cohesion is said to be responsible for molecules of any given 
substance sticking together. It is due to cohesion that a piece of solid 
maintains its shape and resistance offered to breaking it down. 

1I-2.8. Molecular structure in relation to states of — ct 
of Matter : 

As the smallest piece of any matter is its — it should be 
possible from the atomic or-molecular'theory:of matter, to. describe . 
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and derive. the three states of. matter. and their, properties. .Atoms or 
‘molecules of: matter’ are always in motion, the magnitude of which: 
depends upon temperature, In fact, the temp. ofa gas is proportionab 
to the sum total of the kinetic energy of all its molecules (Chap. 1V-6).. 


A. The solid state > A solid piece of matter has a definite shape: 
and size and it resists strongly any effort to change either, It hasa- 
definite boundary surface all around indicating very small molecular: 
movements. 7 


To explain these characteristics, molecules of a solid are assumed" 
to. be confined in small intermolecular spaces. »/Strongi forces of. 
attraction and repulsion Keep: them so i pi d 
bound; to. their "individual locations, i : 
We may: \take them: to: be: bound by 
small. springs ( fig, II-2:1 );. A. solid 
thus behaves often as if it is a; micro- 
scopic bed'spring, the molecules, being 
held together by-elastic forces. The 
neighbouring parts are strongly 
attracted’; hence. increasing molecular 
separation face strong resistance ; same 
happens in efforts. to. diminish the 
separation (springs require. strong Fig, 121 
forces to. tense or to compress ), This explains the stress or internat 
resisting forces set up: when deforming a solid,... This behaviour. leads 
to elasticity’ ( to be developed in the next chapter ).+^ This’ mode? also 
clears up the properties of compressibility porosity, divisibility. 

The molecules however. are not at rest but vibrating, amplitudes 
being restricted by the/springs. At all temperatures: other than the 
absolute zero, the molecules vibrate, amplitudes increasing ^ witfe 
temperature. This fact explains increase in length or volume of a 
solid with rise in temperature, . The molecules possess both kinetic- 
(like a pendulum) because of such: vibrations: 
perature turns into a liquid and’ begins to fow- 
two states cannot always be definitely dtàwm; fos- 


many (non-crystalline) substances the change of state it not sudjen but gradual 
Take a stick of sealing wax and give it a sharp blow ; it/breaks apart into sharp 
pointed fragments as a solidi should. But take such a long heavy stick: and; keep» 


4 


and: potential energies 


A heated solid at some tem 
But a sharp line between the 
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it horizontally supported at the two ends; Aftera long time you will find it 
sagging in the middle as if flowing very sluggishly. -A thin glass tube is fragile but 
hold it over a flame and it will soften, bend and. sag, you can draw it intoa 
capillary. Sharp glass edges held over a flame is f.und to soften, curl on itself and 
turn blunt. A large piece of asphalt appears solid and brittle but put it overa 
sloping tín roof in the sun ; soon you will find it very, slowly flowing. A piece 
of cork) buried in pitch is found to surface up, of course a long time later. Vast 
glaciers on mountain sides, those fields of sold ice have been found to flow 
downslope an inch ortwo, a year. These plastic or non-crystalline substances 
possess viscosity a property charac-eristic of liquids and hence behave thus, 
Crystalline solids do not however do :o. 


B The Liquid state : These have definite volumes but. no definite 
shapes, A liquid shows a free surface but assumes the shape of the 
containef beneath, It strongly resists normal forces ( perpendicular 
to the surface ) that tend to compress but very weakly resists shearing 
forces ( parallel to the surface ), Such a force therefore can move the 
liquid surface so that it would flow, ' In all liquids. inter-surface 
frictional forces oppose such flow or relative moticn between two 
adjoining layers, due to its property of viscosity Plastic solids 
described above, are in fact very viscous liquids, 

` When a liquid is poured into à large vessel it easily flows sideways 
until halted. by the container walls so as to take up the condition of 
minimum potential energy. Henceit is that a liquid assumes: the 
shape of its confainer and has a free surface. 9 
‘To explain the transition from the solid state to the liquid and vice versa the 
following model is assumed to hold. As a solid is heated up the molecules 
vibrate with rising amplitude, - At @ critical temperature (normal melting 
point) characteristic of tbe material, the restraining springs suddenly snap, all at a 
time as it were, and the molecules collect in numbers of close-knit swarms which 
move about at 1andom with spceds characteristic of temperature. Within a 
swarm, molecules are held together by forces of weak intermoleculer -attraction 
but kept at definite separation by strong repulsive forces, also 1ntra-molecular. 
This is why a liquid has a definite volume and is very neatly incompressible. 
Again with fall in temperature this thermal motion slows down. They coll.ct at 
` last in local groups and a detinite geometrical shape. This shape is such as to hold 
the maximum number of molecules. These groups may or may not be in relative 
, motion. Again, below a critical temperature (the normal freezing point the groups 
stop moving, coalesce together and freeze into a solid. Molecules occupy fixed 
positions and move to and fro relative to that position. 

C.. The Gaseous State ; A gas resists compression weakly. but 

expansion not» at: all. It occupies the entire- interior. of a closed 
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space and its various portions can: be held in;position only by'applying 
external, forces, ; s The molecules are quite free.to moye, do so quite 
fast and exert. on. the container,walls perpendicular forces... (^ se: 

To explain such behaviour: of a gas in a'vessel'it/is/considered as 
a collection of fast-moving particles with large'separations, ,'They:móve 
at random, collide” with “each other -andcontàinér ‘walls,’ collisions 
being elastic and» very short-lived): - Gas» pressure. resultsifrom the 
change in momentum due to © theseo<collisions,. “Later detailed 
discussions in this regard willbe provided in: Chapter? IV-6: ^-^ 

The large‘ inter-molecular' separation “produce little? attraction 
between “the flying ‘molecules’ and: they: Continue ‘to ‘rush’ on: "till 
rebounding from the container walls'and thus-fill up the entire: space. 
Diminishing. the; volume leads to rise in molecular density add number 
of collisions, .So the gas.pressure on the walls rise and hence opposes 
the compression of a gas but not its expansion, APA us 


The motion öf gas molécules depend primarily. on their:masses and 
temperature of the space, At a given temperature heavier, molecules 
moye slowly. but. with rise in temperature all molecules, move faster. 
At the freezing point of ice, hydrogen molecule would.cover a. mile 
each second, i r bni b 15/qa 

It is the change in attraction between molecules with change of 
state, that is responsible for change in molecular motion and that 
again with change in separation, ; It is remarked that, molecules in 
the liquid state retain some memory (i.e. intrà-molecular attraction) 
of the solid state, but in the gaseous state, not at all. | ; i 

D... Plasma: i Though it is regarded as the fourth state of matter, 
nothing. of. what. we understand as matter is retained by if. 
At millions of degrees of temperature as in the cores of sun and stars, 
all atoms and molecules are stripped of electrons and get ionised, 


n the crowds of nucleii, protons, or electrons we cannot 


Naturally i rotons, Ô e 
expect to find properties obtaining in well-koit atoms. or molecules, 
f the charged. nature; show 


Plasma vis’ this 'ionised gas which because o 
properties totally alien to what we find in uncharged gas «molecules. 


Though very strange to learp, most of matter in the universe is inthe 


plasma state and very little in the three states we know. so well. 
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idE-2.4.^ Particle-nature of-Matter : : f»: i 
^^ Millions of particle 20 to form any piece’ of matter." You "know 
that (i) the'smallest particle of any substance is'a molecule’ (ii) that 
of an element.is.an-atom.and (iii) \amatom isa stable. configuration 
of) protons, neutrons. and:electrons; |. 'Fhe particle-nature of matter is 
certified beyond doubt: by: the » phenomena : of Brownian «motion jin 
liquids and gases, -the- various : conclusions from the kinetic.theory-of 
igases and the diffraction-spots of X-rays scattered..-by-solids ; the, last 
phenomena. is | absolutely, impossible.-for...à continuous medium,» | 

; We now try to estimate the.separation between moleculesjin the 
three states,of matter,,, From the spreading of oil, on. water it has 
been. surmised that the diameter) for an oil molecule cannot exceed 
oÅ (IAL 1075cm ). - Diffraction experiments’! with « X-rays clearly 
indicate" that " inter-atomic © separation’ inside^à' ‘crystal’ is!! about 
3A only, In solids and liquids such separations are nearly the same 
and the maximum range,of intra-molecular attraction is of the order 


of 10A only, “We now calculate this separation in a gas. At N;T,P. a 
mole of a gas*occupies a volume of 22.4 litres and contains 6.02 x 1029 
‘molecules, as you know from "chemistry. Taking!gas molecules.as 
spheres of diameter d and volume V we have 


22.4 x 108 cc 
0,02 x 1025 


16x x 22.4x 10912 Y. 
d= 602x SOTTO ] ^63 10 8 cm —33A 


id) bi V= jad? = 


This diameter is the closest possible separation between centers of 
‘gas molecules—11 times as muchas’ the'separation® between solid 
molécules and more than thrice' that of thé range of" molecular 
attraction. ‘No wonder that the gas’ pm lose all memory of the 
solid state; 

| E2.8. Intra-molecular Force : 

That the range of’ inter-molecular forces should be very smallás 
intelligible for if two pieces of matter be: placed: quite; close, to.-each 
other ‘no’ force other than.that-of gravitation:is found to act between 
them, | Yetwwevhave‘seem above that the; macro or bulk behaviour of 
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matter cin) all’ the:three states inayibe roughly -explaiaedoby ‘assuming 
these forces to be acting As we have noticed above, these forces 
range over.no more.,than. a^ few: atomic diameters. ni An. atomic 
diameter iis estimated not to exceed TA; leniuim. Hod Ro! (v) iroitknisqee 
Intermolecular forces originate from two ‘nai oia 
(1). Because of interaction between a molecüle did its neighbours, 


Viu. 


potential energy is developed, . This interaction arises, from. electrical, 
aud not from gravitational effects and 
(2) The thermal motion arises from kinetit "energy of the 
molecules. Dab tieae d 
Their ratio it is, that govérHs the states of matter and their 
characteristic properties, 45 ý 
Molecular ‘Potential’ energy atid Fore’)! Though even a small 
piece of matter contains millions of molecules we shall choose a pair 
of them only 1o discuss their mutual potential energy (U) and force 
(F) where F-(—dUJd?).^ Nis Saa sd 
Normally they should 
‘be “so separated that there 
will be no force exerted — 
between them i.e. no mutual. 
potential energy... ‘That . 
separation is. equilibrium, spac- 
ing... This spacing, at absolute 
zero is;takensto; be dj. H thes»! JR 
separation exceeds this critical ' qup a 
Spacing, attractive force comes 
into play while at less separa- 
«tiom? the "forcé tufris 'tepüfsive, 
/To'brióg about either change; 
d wòrkoisito be doteocwhich 
‘remains storeds up as othe 
potentialenergy. - In fig H-22 
i variation: jof «the forcesi!:of 
tabo. d! EDn 192 X. : i both:;;types 9? with: separation 
JL ovata gi pTi Bi em [ jme ib is; i shown --separafely: as. welt 
as: jointly: sInathé! üékt figure; 11-2,3- s showa chowethe ipotential 


\ Attraction 


FORCE CF) 


uo}ss2idwo>: Tension 


ENERGY (05 
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energy (U) aquired by changing nem «aries, with intermolecular 
spacing {r).) -vo i ) 

Finall} in fig 11-2,4 are’ sept together the variation with 
separation (r) of both mutual force (F) and. potential energy V. by, 
the curves MENQ and ABCD, Force and P. E, are related quantities, 


Observe ‘that at, equilibrium spacing (E) the interaction force is zero and. the 
mutual potential energy (EC) negative and a minimum, It is so along BCD i.e. 
most of the time. The force Curve 1s similar but flatter. Zero P. E. and zero 


M 
Mens (-dv/dn), saloi 
` -007 
2 w Repulsive r<ro 
x. g«equilibrium. r= *re 


AW oc fiue ERG? 
iak Inflection, — ; iyi 


9x» “S101 ot 3d liiy 


A Pig 124 ^ 
mutual force- do not occur for the same ‘separation: ' Also i note that costes 
Farce (Cohventitnally. =ve) and P. E. for 17r, tises for mofé gradually this! "do 
repulsive force (conventionally *ve) and P, E. in the region! Pr, Repulsive 
force is therefore, far, stronger fora given separation than thé attractive force for 
same separation. It follows also that a molecalé oH atom ditplaced beyond its 
equilibrium spacing ypuldt be vibrating for the force is. always directed. towards 
the equilibrium. osition, Position of and force-directions on the pair of 
molecules are shown for Petr TET, and F>ro- 
18092 3] i w YB 


_ As. án the previous séaseiri= rọ represents equilibrium separation 
Nuts] the particles, vAs:thelseparation between them is increased 
correspoading to tensionin the... last diágram, "work ‘is to be 
done on them and:the total: potential energy is negative-as shown by 
the. curve I(11-2:3)..When-:the particles are pushed closer than their 
equlibrium spacing» ( represented by d, the point 'of;zero force ) 
work is again done andithis'is positive for it corresponds to com- 
Pression in'the force-separation diagram, This is shown; in curve Il. 
Adding \theseytwo graphs we’ obtain curve III the)general: patterns 
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Note: that, at. the equilibrium separation mutual, force is zero but 
not the potential energy ; there, it is at a negative. maximum, i.e, 
lowest possible value. s 

Hence there appears a. clear asymmetry in the P. E.— Separation 
curve (ABCD) as also f r the force-separation curve (MENQ). We 
conclude (i)a weak attraction force and a much stronger repulsive 
force exist ; their mutual effect (ii) produces an oscillation of solid 
molecules about . their meaa positions. These conclusions, we shall, 
later find’ would help us to understand (à) elasticity, -Hooke's law 
breaking strain (b) thermal expansion (c) latent heat of vaporisation, 


II-2.6. Atomic and Molecular bonds, ; 

In solids and liquids atoms and molecules are bonded together. 
Bonds may be of different types. But all of them! arise: from: the 
Coulomb force of attraction between theo vely charged nucleus and 
the revolving — vély charged e'ec'rons, in atoms. © gyó alte 

+ Generally «speaking,:; the distance beween the nucleus and the 
electron is no more than O.SÁ. Charges being equal ando opposite 
an atom is electrically neutral and the resultant electrical effect 
goes little beyond the atom, When, say two hydrogeà atoms ( H. H^) 
are a little apart (1 im fig, —1T-2:4:)outhere ‘appears. a weak 
attraction —for protons and electrons do not coincide here: “But as 
in the uppermós: (3), if their ceaters are less then 1A apart they 
cannot interpenetrate and ~ develope a yery^strong, repulsive ‘force ; 
at this separation the force experienced by the ‘atoms no longer 
retains the simple coulomb form ; for each of the tWo piótons and 
two electrong,,affect each other, developing two pair of forces of 
differing magnitudes, It is athe; „weak attraction that forms a 
hydrogen molecule and still weaker molecular. force is responsible 
for liquefaction and solidification at much low véiperátures m 
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Pout types of bonds namely ionic, covalent,'metallic and: Vam der 
-dgaals type, are discussed below, 


a A. Ionic Bond ; In crystalline solids like NaCl, the Nat and Cl- 
ions take up the positions as shown in fig. IL-2.5a. Na donates one 
electron. very easily to Cl and they turn into oppositely charged 
ions, In a crystal they are held together by coulomb attraction. 
jTanic bonds are quite strong. 

JB Covalent Bond: (One, electron, moves from one atom ofa 
"iHgdrogen atom to» the other very easily,..Then.the donor atom 
"(becomes --vely and the acceptor atom becomes — vely charged, and 
“hence attraction appears between the two (Fig. 11-2:5b); 


"Note' that <the ;same electron is shared. between. two. atoms but 
diot:transferred from-one atom to the other as. in the, ionic, bond... It 
s the covalency between neighbouring carbon:atoms that gives. such 
‘large strength to diamond. The stablity of hydrogen molecules 
and high melting point of diamond show thé'covalent bord to' be 
4 strong’ one.” 


free electrons |) electron cloud 


Aonlcbond. ^ Covalent bond, Metallic bond- Van der Waal’s 
uds {bond 
(a) 45) 7 (c) (a) 
Fig. II2.5 ^ ! IE 
€. Metallic Bond: Every atom in a metal has one or two free 
«lectrons that move about inside the metallic crystal lattice at rándom 
thus making the atoms steady +e ions (Fig. 11-2 .$c)." This bond 
xesembles the covalent one but a free electron remairis/'bound"'to' ^no 
atom in ‘particular’; this bord is a weak one and i$ tesponsible for 
the solid state of most’ metals. Free’ electrons condüct héat’ and 
electricty. ^ Wieddmann “and” Franz ‘found! I ratio of i these 


|| conductivities to be constant.” 
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D. Van der waals Bond: If we consider a long enough 
interval, we may take that the center of the electron cloud would be 
at thé nucleus of an atom although the electrons are in continuous 
motion." But ata given instant more of these electrons may chance 
to be on one side of the nucleus when their center will no longer be at 
the nucleus but will shift somewhat, forming a dipoles" (fig. 1I-2/5d). 
This! dipole 'would then attract more electrons from neighbours 
formiog more'dipoles." Between these dipoles exist weak, attraction: 
This ‘bead is Hamed “after” Van der waals who had assumed similar 
weak attraction between gas niolecules. bailqas sare) ait 9 

Summarising the above discussions’ we “concliide—(1) “Strong 
ionic bond arises out of strong attraction between oppositely “chatged 
ions in a crystal; (2) Sharing of the same electron’ between two 
atoms produce strong covalent bond. (3) “Randomly moving’ free 
electrons in a metal piece are responsible for weak siretallic^bond' "and 
(4) The weak Van der waals Bend arises from the interaction’ between 

1 28 DIGG 813 


an afomic nucleus and it$ electron cloud. ~~ Peoi 
ui 911 ft 3111253071 


4 30571 


ox 1 


I «hop z»^ b Sot 399b01qd tol "4l 
EURA dipole i$/& pair of poitit Charges de dstifall Geparation. It is very much 
like à sicléculabmagnet envisaged-by Weber. h:i10035* (feat 38) 8 
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(^ 0I-8 1. « Elasticity 

‘Id mechanics we  have-:almost always spoken..of particles 
Whenever we have introduced a sbe dy it;bas been. characterised. as. 


perféctly’ rigid ie. such bodies are not deformed however large may 
orces can alter) the separation 


be the force applied on them ; no f 
between their constituent. molecules. put none of them, a particle or 
a rigid body actually occur in practice, they at idealised and simplify- 
ing, assumptions, All bodies even, very small, ones have some 
dimension and under the action of equal and opposite (unlike) forces 
suffer, deformation, i.e. change. in shape OF SU... On removing the 
forces.they regain their original shape. or size, They are said to be 
elastic bodies and their bebaviour is due to one of the fundamental 
properties of matter, elasticity. In mathematics, elasric deformation 
is treated as the mechanics of deformable bodies. 
In the last chapter we have learnt that elasticity is a property of 
matter because of which bodies oppose any tendency to chaage its 
shape or size and restores the body to its original shape of size 


whenever the deforming forces are removed. As instances consider 
(i) pressing a rubber ball enclosed between your 


two palms; it gets squeezed which changes its 
volume (ii) pulling a rubber cord with your 
two hands when it gets lengthened i.e, its length 
is changed (iii) twisting the free end of a long 
thin rope hanging from the ceiling, which changes 
its shape, In all cases, if you have not deformed 
any one of them much, they would come back 
to their original configuration when you. stop 
applying the be deforming forces, 
Remember very carefully that while unbalanced 
A ‘ forces produce motion, balanced forces acting on 
diu. mn $5 .diobody ii produce deformation. Consider a ‘spiral 
spring (fig II-3.1) supported. rigidly: at-its uppenend.and weighted 


F 


nee 
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at the lower. If the, lower; cead is... pulled. downwards ..the 
spring is acted on by two forces which balance, namely, (i) the 
applied downward pull, and (ii) an equal and opposite pull exerted 
by;.the..support on the. spring.. The result of these two. forces 
is, an. elongation—a deformation—of the spring, Very often we 
leave out. of our. consideration, the force exerted. on the spring by 
the support and speak of the elongation as being due to the pull 
exerted on it , In § 112,5 we have seen why it so behaves, 


In the above example, the hand that pulls the) spring experiences. 
an. upward force, This upward force, brought into play by the 
deformation; of (thes spring, -resists the deformation, .. I; .is;- larger; 
the. greater. the»; applied) pull, |, When;.the pull is. removed, the 
spring regains its; original, Jength, This simp'e | observation: shows 
(i) “When a; body, (here | the; sori) is, deformed, nthe.. body, resists 


the: deformation and... , iih y fiai beig evifiast B ar e 
A When. the deforming force i is S re moved, it tends io go back to 
its original condition, patie ^ ¥gzend isineiod sijasla 


ui Letus consider, the vidis example. a little more in n detail, Suppose 
at the free, end of. the spring, we.hang a load.. The attached load 
starts coming down because iof. gravity. butywhile. the. Upper, end of 
the spring remaining immovably „attached, its lower end moves 
increasing the separation between its turns yand hence, its length. A 
little- later after a defiaite elongation the load stops descending 

Clearly two forces, reaction of thé spring! at its ' clamped upper end 
and e weight of the load downwards, must have been equal unlike 
and ‘collinear so as to (i) ihereáse" “the separation between its turns, 
(ii) ‘thereby i in sreasing the length of de spring abd (ui) bring the 
system (o equilibrium and rest; A'buBy in wnifo!ni' "AME motio is 


11m« ai 


albi in equili brin n, 
ni iuo eisi 53 Manilio ani NE -J1 olen: 

^ Tryo ‘further elongate the: spring. by pulla g ovii ihe; load. further 

you will feel the spring also pulling your hand upwards," This isthe 

force of posing deformation. “Harder jou pul the Jost ‘dowd, Breiter 

is the force you feel upwards, iestaccondigg to Newton's. 3rd law. 

Note that the spring and your. hand form an isolated. or . closed 


system. taS 3 vralimis bae 
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bui its parts suffer relative displacement and it is. Said. (à be 
strained. A 1 q 

^^: Strain. -If the shape or size of a . body changes nor. the action 
cf a pair of balanced» forces, the body is to. be strained. The 
change in shape or size that ji éuádengbes is its deformation, The 
fractional deformation or the relative change so produced, is its 


main, iii 4 i 
"- Stress. When a body in equilbrium is strained, forces applied - 
Sv e to, it are. transmitted throughout the, body, 
a setting up reactional.forces | within: the body. 
, Then if we consider an imaginary surface (s) 
Ts within the body, the part of the body on one side 
of the plane will exert a force across the surface 

on the other part, Such a force per unit area 

of the surface is called ‘stress Stress is 

measured by the force per unit area. The 

e force can be divided into two con ponents’; 

"T F One perpendicular o: the surface and the 

(a) (b) other parallel to the surface, Tbe perpendi- 

« Fig. 1-32 cular component is called the normal stress, 
sand the parallel component, the tangential stress. 

Fig, 11-3.2(a) shows a rod AB of original length L: dicas 
dinal pull due to a force F has increased its- length. by 7 (fig, 11-3.25). 
If we consider’ any imaginary plane S anywhere perpendicular to F, 
the portions of the rod both above ard below S ate in equilibrium, 
Consider the equilibrium of the upper portion, The upward force Fon 
it must be balanced by an equal and opposite force (F,) acting across 

‘its lower surface. Similarly, the lower portion must be acted on by 
a force F, upward across $, As there is equilibrium, we: must have 
F,=F,=F. The lower: portion ‘exerts the force Fyiacross S on the 
upper portion, The. upper portion exerts the force F, on the lower 
portion, also across S. . F/S- is the longitudinal stress, Had we taken 
p F, the stress across it would be zero, 

' Many authors prefer to define stress as the applied fescojstit arca, 

, a$- F, =F, = F; internal forces equal to external ones, 
Units of strain and stress. Let. a piece of wire,» rigidly 
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supported at its upper end, be stretched bya load at its lower end 


As the load increases, so does the elongaʻiom, If 7 e 
mnie. ve=sthe elongation for aiload Fy) ss onol o 
[e the initial length of the wire, si o lauoldrogong 


à »» arca of cross section of the wire, 
then. strainsse// and stress» F/a, Strain, . being, a ratio. of two 
similar quantities, is expressed as a pure number, F is in reality a 
force, Hence stress is to be expressed as a force per unit area, Note 
that this is also how. we shall express a pressure, Often F is 
expressed in mass vnits, like kg-wt, It-wt, ton-wtetc, — S 
In cgs, mks and fps systems units of stress are respectively 
dyr/cm*, Newtons/m? (nowadays called pascal) and Ibf/in*. 
The dimension of stress will be F/A or MLT-*/I3 = ML-*T-* ^ 
j3Ex,/1-33. .. A) wire, 2 metres long, ‘elongates by 1 mm under a load. What | is 
the strain? 
Solution : Strain = elongation/length -T min/2 mettesw1/200090,0005, 11 
Ex 11-34. What must be the elongation of a wire 5 metres long so that the 
strain is 0.1 of 1%? 


Solution : 0.1 ot wed of oie 


i Elongatión strain x length a X5 metres 5 mi. i 
"Ex. I1-35.. Ifa wire has a cross-section of Imm" and is stretched by @ toad 
of 10 kg what ts the stress? 
Solution; Stresse area = 10 kg-wt/1 mm* = 1000 kg-wt/cm" or 10* gm-we/ 
(n? = 10* x 980 dy nesfem’ = x 10*NÍm*. 

; Elastic limit... In the case of a stretched. wire, we find that the 
wire. regains its initial length on removal of the load if the load does 
not exced a.certain limit, If the limit is exceeded a permanent 
increase in the length occurs This limit is known as the elastic limit. 
Such a limit exists for all kinds of strain, 

If we, plot the. extemion of the wire 
under, different, loads, we . get a curve 
as shown in fig..J13.3, The graph is a 
straight; line upto, a, certain point, The 
load,corresponding 10 this poiat divided 
by. the cross section of the wire gives the fi: 11-33 
clastic. limit, Upto the clastic limit, the 
extension is proportional to the load ie. #ress proportional to strain. 


EXTENSION Umm) 
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1I-3:4.4. Hooké's.Law. The fundamental-aw. relating to, elasticity 
was discovered by Robert Hooke. )Ascmodified by Young it states 
that so long as the elastic limit isymot exceeded the stress is. 
proportional to the strain. 

+. Stress= a constant (say, E) x strain, 

The constant E has a value characteristic of the material ‘ofthe 
elastic body, and is called: thé modulus of elasticity. "There are 
different moduli of elasticity depending on the nature of the strain. 

The modulus depends upon the material’ and nature of the body, 
the nature of stress and temperature. Generally it diminishes with 
rise in temperature Small ‘amounts of impurities also affect the 
modulus. which „is .sometimes deliberately introduced to' attain à 
required goal. By the nature of stress we recognise three, namely 
longitudinal, volume and shear. When'a wire is pulléd'or a^ thin "rod 
pusbed) with equal..forces from both sides, the stress is longitudinal. 
When a:body.is compressed or tensed from all. sides, tbe stress is. one 

of volume, When a pair of unlike opposite parallel-forces or couples 
change the shape of a body, a shear stress is said to be applied. 


B. Verification of -Hooke's law... To verify. Hooke’s Jaw we can 
wuse a spiral spring. . We /ake its elongation maser a load as the strain, 
and the load itself as the stress, 3 

Clamp " metre scale’ vertically 
with the zero mark uppermost 
(fig. 11-3.4), Suspend the spring from 
a rigid clamp. "Attach a long pin 
to its lower eüd so that the tip 
of the pin ^ moves over the 
vertical scale, Attach a’ weight to 
the bottom of the spring so that any 
kinks in the spring “ate removed. 
Note the scale reading (L). Gradually 
increase’ the load W at the end of 

the spring, (The kink-removing load 
will always be there; but it should 

martin hot bé inclüded in W. )'" For each 
load, note the length 7 of the spring from the scale. 


jig 
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Plot graphically the load W along the x-axis and the corresponding 
elongation (/—/,) along the y-axis, The graph may be a straight line 
all along (fig. 11-3.3;. This shows that stress is proportional to strain 
and the elastic limit has not been exceeded, Or, you may find that 
the graph, after running straight upto a certain distance, slowly bends 
(fig II-3.8). The point of bending marks the elastic limit of the 
spring: The load W corresponding to this point or the corresponding 
elongation . /—/,) may be taken as the elastic limit of the spring, 

C. Spring balance measures a force. The above diagram 
illustrates the principle of a spring balance widely used to measure a 
weight, Hooke had first discovered that the extension of a spring is 
proportional to the load it carries, an observa- 
tion that ultimately led to the law assosciated 
with his name, It holds whenever a spring 
fixed at one end is pulled axially in any 
direction, The ratio force/extension is the 
spring constant, we have already come across; 

A spring balance (fig. II-3.5) , has a spiral 
spring attached firmly to the body of the 
instrument carrying a hook at the lower end 
for suspending weights, Known loads are 
hung and the elongations graduated in terms 
of weights, on the scale S. A pointer slides. 
along it and reads off the unknown weight 
suspended at the hook, The figure gives you 
the appearance, working and principle. Fig. 1.35" 

The. instrument measures the weight (mg) 36:3 
of a body i.e. the force with which the earth attracts it, Sinceanass 
of a body remains unchanged it can be used to measure g at, 
different places.on, above-or below the surface of the earth. 


D. Vibration of a weightless spring carrying â cer eed 
at the end. [r L T. 

Consider the spring to.be of length L and negligible weight, hanging 
Vertically from: a: fixed support. Let it,.catry amass m at its loger 
end, The’ spring: extends a^ little) the resultant: increased tension) 


Supporting the load, 
3 
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Let the load be pulled down by a small distance a from 
this position (Fig. 11-36. The 
spring will then exert a restoring 
pull on the load which, for small 
extensions, is proportional to 
the extension, The additional 
upward pull on the load will 
therefore be kx, where k is the 
pull per unit extension of the 
spring. The equation of motion 
of the load will be given by 
mf - —ka 

or f=1—1(k/m)a= —o*a. 

Acceleration being proportional to a the motion of the load is 
simple harmonic with a periodic time 


2^ m x jdn d P 
2s f” aay 247 z4 " «Im 


Next we find the force constant k in this case. From Hooke's 
law, here 
Stress = Y x (Strain) where Y is Young's modulus of the material 
or F|s- — Y.a[l where F,— mf) is the restoring force, ; the length 
and s se area of cross-section of the wire, 
. f= = gst or the force const k= f/a= Yilml 


n- x A Ys]ml (11-3.4 1) 


II-3.5. Modulus of Elasticity : 

The more important amongst them are (1) Young's modulus 
(2) Bulk modulus (3) Modulus of Rigidity and (4) Poisson's 
ratio. The last however is a ratio of two strains in perpendicular 
, directions and hence a pure number, Besides these, axial and dilata- 
tional elasticities are also recognised but we shall not consider them, 

Solids possess all these moduli while fluids (liquids and ga'*) 
Y only the bulk modulus, 

In considering elastic deformations we assume that 

(i) Strains occur. isothermally, Actually slight thermal changes 


¿do occur. So you should wait a little before taking readings after 
loading a wire 


Fig, II-36 
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(ii) The elastic behaviour of a body is independent of its past 
history i.e, it carries no trace of its earlier stresses and strains. 
Actually it may do so, because of elastic hysteresis. This is another 
reason for you to wait a little before taking readings after loading or 
unloading a wire. 

(iii) Deformations take place freely always, without any 
opposition. 

(iv) Strains are small enough for their higher powers or products 
to be negligible. 

Longitudinal stress F/A 

i e; PODS IUCING! BES c (Sp PRES SESS 

Vy Youngs metuas Longitudinal strain &l[l ( ) 

where the axial force applied is F on an area of croscesection A, 

al is the change in length on a wire or thin rod of length /. Force 
and strain act a long the same direction, 


i _ Volume stress übipgi - (11-3,5.2 
Q) Bulk modulus =p TA Ts € K-—wy C 2) 


Here p is the pressure applied normally on a body of volume V, 
producing a diminution of 5v of it. 


PIN _ Shearing stress 
(3) Rigidity — ~ Shearing strain 
_ FIA or Couple (c) WE-3,5.3) 
or nse OF pest (6) ( ) 


where F is the tangential force on an area A of a rectangular 
solid and 9 its shift from the vertical or twist from the original 
direction, Recall that tan 9-50 when 0 is small. 

From material to material their values differ but always are of the 
order of 1012 dyn/cm* or 1010 pascals (i.e. N/m’). 

Lateral strain dier rir (1I-3,5 4) 
Longitudinal strain' àlll 
where sr is the change in radius r of a wire when its length 
changes by ôl. These two changes occur in opposite directions, 
Hence the —ve sign, ie. increase in length leads to a decrease in 
radius and vice versa, 

Inter-relations exist between these constants for à solid, They are 


9 ; 3k-2^ — (1355 
= spe nl to) 3k1- 2o). and o= ok 2n ( ) 


(4). Possion's ratio = 


Y 
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The three moduli of elasticity have the'same dimension as stress 
namely ML-*7~-* as strains in all cases are pute numbers, 


The elastic constants detérmine the behaviour of homogeneous, 
isotropic elastic bodies under different stresses. They are very 
important in engineering practice, Elongation and contraction of 
beams and struts as well as bending of beams under load are deter- 
mined by Young's modulus, and twist of wires and rods by the 
modulus of rigidity. 


Distinction between solids, liquids and gases on the basis of the 
three elastic'moduli. Solids have all the three moduli of elasticity— 
Young's modulus, bulk modulus' and shear modulus. Liquids and 
gases have bulk modulus only. The difference between liquids and 
gases lies in the large value ofthe bulk modulus for the former, 
and small value for the latter. The reciprocal of bulk modulus is 
compressibility. Liquids have very little compressibility (an ideal 
liquid is taken to be incompressible), Gases are highly compressible, 
The bulk modulus of a gas at a fixed temperature comes out to 
be equal to its pressure. 


The fact that liquids and gases’ have: no shear modulus is also 
expressed by saying that they cannot resist a shearing force. Any 
tangential force, however small, causes them to flow. Hencz liquids 
and gases together are known as fluids, 


Elastic moduli and molecular structure. In solids, atoms 
and molecules are arranged ina regular geometrical pattern, We 
have seen (fig. II-2.4 ) that both attractive and repulsive forces 
act between them, The equilibrium position of atoms and molecules 
is determined by tbese forces, For closer approach than the 
equilibrium distance, there will be repulsion - Any-force: tending to 
increase this distaace, brings attractive forces into play. A solid 
will therefore resist any force tending to alter the relative positions 
of its constituent atoms or molecules, It will resist any change 
of length, volume, and also of twist or shear, It will therefore have 
all the three moduli of elasticity. 

In liquids, the molecules are frée to move, but the mean distance 
between neighbouring molecules remains -constant atta given tempera- 
ture. So a liquid can resist only a change of volume, but not any 
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change;of shape. : Due to mobility of molecules it takes up the shape 
of the container, It thus has bulk modulus, only, but no rigid:ty 
modulus;or Young's modulus. Application of a horizontal force to 
a liquid molecule will cause it to move continuously under the force. 
But in a solid, such a molecule will. be displaced by only a. finite 
amount as restoring forces due to rigidity come into play. The fact 
that, a liquid cannot resist a shear, is.of basic importance ; it explains 
the hydrostatic behaviour of liquids, 

Gases are like liquids, Their molecules;are much farther apart 
than in liquids and,are much more free, to move than liquid molecules, 
The expansibility of gases is due to the very. weak attracting forces 
between molecules, - Gases have bulk modulus only ; but it is: much 
smaller han that of liquids, 


Some examples of elastic moduli in practical life. Young’s 
modulus (Y) and shear modulus (n are of great importance in struc- 
tural engineering. The ability of pillars and struts to support loads 
is determined by the Young’s modulus of their material, Horizontal 
beams, supporting loads are both elongated and compresed ; they are 
also, sheared. Hence for them, both Y.and m are of importance. 
Compression or extension of springs is determined mainly by Yowhea 
the turns are very close, But when the turns are more open n also 
plays an important part. 

Thermal expansion or contraction can. exert a large. force. The 
force is determined by the temperature change, area of . cross-section 
and Young's modulus,of the material. ( See II-3,6C ). 

The performance of rotating axles in machinery in transmitting 
power is determined by its modulus of rigidity (n). 

The high, value of the bulk modulus (K) of liquids makes them a 
suitable substance for absorbing shocks, such as recoil of guns, 

Examples of this kind may be multiplied without limit, 


II-3. 6 Longitudinal Deformation. 

A Young’s modulus: In introducing elasticity and developing 
relevant concepts, we have relied mainly on wires or light springs 
fixed at the upper end and loaded at the lower, We may use as 
well, thin long rods asthe experimental bodies. ‘They may be pulled 
away, at the, two,ends.or pushed irwards from both ends. 
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In fig II-3.2(a) we see a long elastic bar AB of initial length / and 
cross-section « ; in (b) the bar has been stretched by a pair of equal 
unlike axial forces FF whea the bar is subjected to tension. Let 
the bar be extended by l. We consider a plane at right-angles at S 
through which forces of stress act in opposite directions and we 
study. the equilibrium above and below, Considering the 
equilibrium of AS we have external force F upwards and an equal 
internal force acting downwards, The same happens for equili- 
brium of the portion BS. The forces act all over the cross- 
section as shown. The same will happen if a compression occurs 
when F, F are reversed in direction. These internal forces resist 
the effort of externally applied forces to elongate the rod and tend 
to restore the rod to the initial length, The rod is said to be in a 


state of longitudinal stress under the action of such forces in its 


interior. The entire rod is under such stress, for S was any arbi- 
trarily chosen plane. This stress is given by F/« while the strain 
is l/l. 

Their ratio, if temperature remains constant, called the Young's 
modulus (Y , is experimentally found to be independent of sizes of 
the bar of the same material and a constant within elastic limit. 
It is a property of the material as the constant value changes with 
material, 

' Tensile and compressive strain The extension of a wire or a 
spring under a load represents the kind of strain known as tensile 
strain The corresponding stress is called tensile stress, If the force 
is one of compression along a direction instead of extension as above, 
the corresponding strains and stresses are called compressive strains 
and compressive stresses. If we load a vertical pillar at the top it 
will be compressed, 

When a beam supported at the ends is loaded in the middle, the 
depression is proportional to. the load so long as a certain limiting 
load is not exceded. A portion of the beam is compressed and a 


portion elongated, Both tensile and compressive strains and stresses 
appear in the bzam together, 


In fig I-3.7 is shown a bar AB supported at or near two ends. 
| When loaded at the middle only the central strand ob maintains its 
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original length ; those above are compressed while those below are 
extended along their lengths This 


behaviour is attended to in bulding 
cantilever bridges and setting long 
iron beams under roof tops. 

Thus Young’s modulus of the 
material of a bar or wire under 
tension or compression is the ratio 
of the longitudinal stress to longi- 
tudinal strain, that bar remaining at 
constant temperature and strained 


Fig. TI-3.8(a) 


Fig. 11-37 


within elastic limit and is a constant” given by 
the relation 
Bl 11-3.6.1 
r= sill Ur ae 
As fluids can have no length, Y is the 
elastic modulus peculiar to solids on'y. 


B. Determination of Young’s modulus. 
Suppose the experimental material is available 
in the form of a uniform wire. We take three 
pieces of it, each about 3 metres long and 
suspend them from a common support 
(fig.1-3.8). One of the wires A carries a finely 
etched vernier (V,) and is kept free of kinks by 
a weight at its lower end, Two wires B and 
C carry a scale beside C which “can slide 
along V,. They are also kept free of kinks 
by a suitable load (S). attached to the lower 
end The vernier reading is taken with 
no other load, Additional known loads 'are 
then placed on W and the vernier reading 
taken for each additional load. After getting 
about 5 or 6 such reading: we calculate the 
extension for each load. Measuring the 
diameter of the wire at several places we can 
get its mean diameter and hence its: cross- 
section a. The length 7 of the wire from its 
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»point of attachment at- thetop to that- with the». vernier- is 
measured. We now have the stretching, force F= Wg (where g is 
the-acceleration. due. to. gravity); the;cross-section a; the length / and 
the elongation e for each load, Plotting extension against load we 
get a st line fig. II-3,8(b). Find /' and W corresponding to the point P 
and apply eqn, II-3.6.1 

Two wires are required to neutralize the effect of change of Jength 
due to charge of temperature, -as-also of the sag. of the-support cue 
to loading, 

Ex. II-3.6. An iron wire 2 metres long and of diameter 1 mm; stretches by 
lomm when. a stretching load of 8 kg is 
applied. toit Find the strain, stress and 
Young's modulus. 

Solution: Stretching force=8 kg-wt 
=8000x980 dynes. Area of cross- 
section =r? =r x (0.1/2)? =3,142 x 0.0025 


cm’. 
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^ Stress= , 8000x980 dyne 
3.142 x 0 0025 cm? 
r =9.984 10° dyn/cr.*. 
Fig, II-3,8(5) Orginal length=2 metres=200 cn, 
Increase in length=1 mm=0.1 cm. 


+} Strainz0.1 cm/200cm=5 x 10-4, 


i 3 = Stress 19,984 x 10*d. s 
Young's modulus iu^ xj eem" 71,997 x 10'* dyn/cm? 


(Try using MKS units from the beginning Y 41.997 x 1012 N/m?) 
Ex. II-3,7. Find the load in kg required to el | 
elongate a steel wire 628 cm lo. 
dnd 2mm diameter through 1 mm, Y 52« 10'* dynicm*, g - 980 cms? x 
Solution: Giyen data in MK Spunits woul.) be - mw 
376,28 m (Note that it is fr), Y-22x 101: N/m’, g =9.8 m[s?, d22x 10-5 m 
125107 m ¢ 


N y -El« 42mgL X 
M TIENI) tor" 


Ex. 11-3.8. A sphere. of mass.25 kg and radius 10 cm is hung by a steel wire 
from a roof top which is 5.21 m from the floor. When the sphere swings like a 
pendulum: bob iis lowest point Just scrapes the floor. Find its v. locity then. 

Yz20x10*! dyn[/cm?, Initial length of the wire =5m, its radius=0,05 cm. 

[L I. T. °72) 
^ sis bAt the lowermost Point the-extension of the wire is .521-— (500 20)] 
lcm. is elongation produces a stress (T) in the wire, ten:ile in nature which 
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balances the weight of the ball mg and also supplies the centripetal force (mv*/r) 
required to make the sphere describe the circular arc. 
T=mg+my*/r 
Again from elastic deformation r^ Yer, 2x0 wrx 09e dyn 
25vy*x10* 2x10'*x-*25x10-*x1 
(500--10--1)^ : 


| . ie 
| or 25x10 (90 2.) x10" 
| 


< /¥=3.75, m/s 
| Ex. 11-39. A body of mass 2 kg and density 2.7 glec is suspended by a steel 
wire 1.m long and 1 mm in radius What change in length occurs when it is fully 
immersed in water ? Y- 2x 10*^ dyn|cm* andg +9 8 mls? 

Solution.: When the hanging body dips in water it appears to lose a part of its 
weight by Archemedes principle, Now volume of displaced water=volume of 
the body = 2000/2.7 cc. So buoyancy on the body =(2000-980)/2.7 gf acting up 


wards, 


25x 10*.«.980 + 


Apparent wt of the body - mg ~ V. 1. g «251000 x 980 —(2000/2.7) x 1x980 
2000 x 980(1—1/2 7) dyn 
=2 x (1.7/2.7) x98x 10* dyn 


So with the body in water from y=F x five have 


p.EIxL 2x(17/[2.5) x98x 10* x 100 (1.7/2.7) x98x10* om 
KRY vx2x1"x(j' T 
Again with the body in air we have 
tá 2x98x10*x100 98x10... 
zx(.)x2x10*^777* 
I= 998x107 [1.17 98x10-*x1 “4 
q - i 8197 ( 17),88x10 3 ena5x10-* em. 
long and 1 mm in diameter is subjected to 


Ex, 11-310. A steel wire 7 metres 
m. Find the strain, 


a tension of 30 kg. and its,elongation is observed to be 1.21 c 
the stress, and Young's modulus for the specimen. 
Solution : 
: . Change in length 1.2! cm 
l - SC Cm 0.00173 
E! ongational strain riginal lengch T0 cui 0,001; 
kg _ 38.2 kg/mm’. 


Stress» Applied, j aS EE 
tress = Applied force per unit atea 705mm) 


" Stress (38.2 " D 
Y = C" 2 2.208 x 10 5 
oung's modulusc mg oy 7 Kg/mem aui 


Ex.1L-3.41.. A load of 60 tons is.carried by a.steel.column having a, length. of 
24 ft and a sectional area of 10.8. in... What, decrease; in; length will, this load 
produce if the elastic modulus is 30 x 10° Ib/in* : m 
Solution: Let.the decrease in length be.x in. 
i. xin 20 ton: 60x220 jins 9 8 
Scand Sum gut 108 Dor 
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] ., Stress in2 = 602 2240 plina X 
Now, elastic modulus Sc Hence 30x 10® lb/in 108 Ib/in*-: D EU 


iy x = 00x 2240 x 24 x 12 in 
2 10,8 x 30 x 105 
Ex. II-3.12 A st el wire of length 2 metres and diam:ter 08 mm is stretched: 
horizontally between rigid supports attached at its ends. When a loud is hung from. 
the mid-point of the wire a depression of 1 cm is ;roduced. Calculate the load, 
g ven that Y—2x 10** dyn/cm’. 


70.112 in, 


Solution : Draw the necessary diagram. The load is supported by the vertical 
components of the tens.ons in the two segments of the depressed wire. Half- 
length of the stretched wire=/(100*+1)/=100.005 cm. Its extension=0.005 cm. 
Tf 0 is the angle the stretched wire makes with che vertical line through the point 
of attachment of the load, 2T cos 0 -load, where T is the tension in the wire, 
cos 0 =depression/half-length of stretched wire=1/100 very nearly. 


e Tension T=50xload. The stretching force per unit area or stress 
= T/area of cross-section -50 x1oad/(m x0.04* cm*), Strain —0.005/100. 


3 s... S0xload |. 0.005 tl 
2x 10'? dyn/cm’ 2 X004* cm* ^ 100; whence load — 10.3 g-wt. 
Ex. 11-313. A material aquires a permanent set if strained beyond 4555. 1f 
its material has Y=10" Ibs|in' find the maximum load that awire of the material 
of diameter 0.04 in can support without crossing the elastic limit. [J.E.E. 771} 


Solution: Maximum stress = Y x maximum strain 
=10? x mo Ib/in? 


Applied Load — max, stress X area of cross-section 


=10 b XTX4X40^* in? =4r lb-wt, 


Ex. 11.3.14. What force will be required 1o stretcha steel wire 1 sq. cm. in 
cross-section to double its length? Y for steel =2x 10"? cgs units. 
Ans. By definition, Young's modulus 
y= applied force (F)/area (4) 


elongation (e)/original length (7) Peet cm’ andes] 


ve P= ¥x (ell x «2x101* x 1x1 in cgs units=2 x10" dynes, 


( Note. A wire snaps long before its length has been doubled. Besides, with 
elongation, the cross-section diminishes ) 

Problems, (1) A steel wire (Y-2x 1012 dyn/cm?) one meter long and one mm 
radius supports a 5 kg load. Find its length when the load is removed. 
(Ans. 99.92 cm) [H.S, 78] 


(2) A 200 cm long wire of L22 mm diameter is tightly stretched horizontally. 
A load at its middle point makes it sag by 2cm. Find the load. 


Given Y 2123x10': dyn/cm. (Ans. 115g) 
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(3) A load of mass 5 kg elongates a vertical wire 200 cm long and 1 mm radius 
by 007 cm. Given g 210 m[s* find Y of its material, [ J.E.E. 76 j 
(Ans. 5x10 N/m?) t | 

C. Thermal stress: A heated roi expands If held between 
solid supports the expansion presses agiinst them, The stress so 
genearated is called the thermal stress, 

If a rod of initial lengh / and, temp. coefficient of its materiat 
for expansion «is heated through a temperature difference of 7°C 
then its expansion /xt, Taen we shall haye for its Young’s modulus 

Long, stress - FJA F/A 
Y= Oreos — Wr (111-3.6.1) 

So thermal stress is F/A- Y«t. [ Note that it is independent of 
the dimensions ( length and area of cross-se:tion) and dependent only 
on the ma'erial of the rod (Y and 4)]. Now the force ceveloped is 

F2 YA«t (111-3.6,2) 
wbich is independent of length but depends on the area of cross- 


section. This force may be considerable, 

1-315. A steel rod 25 cm lo:g has a cross-sectional. area of 0.8 cm’. What 
force would be needed 10 stretch it by the same amount as expansion produced in 
it by raising the temp through 10 C? Y=2x10°' dynicem’ «-107*]^C. LT 71; 

Solution: Thermal expansion of the rod ôl - I«1225x10 ^x 10 cm. 

This is the stretching of the rod by the required force which then will be 

F- AY. ilI- AY.«1—08x 2x10** x1075x 10716 x 10* dyn 
216x109 N-16lkg-wt .. 

Ex. II-2,16, A wire of diameter 1 mm supports a load which keeps it straight. 
If the 1emperature falls by 20°C what additional load will be required to keep the 
length of the wire unchanged? (Y-2x 10:* cgs units; coefficient of linear 
expansion =1x 1075 per `C) 

Solution: Let I be the initial length of the wire, Its contraction due to fall 
in temperature=/x10-*x20, The extra load must produce this much of elonga- 
tion. Hence the strain should be 1x 10 5x20--1—20.107*. 

The cross-section of the wire=r x (0.05)° «0.00257 cm*. If the extra load 
is W g-wt, the stress is 980 W/0.0025r dyn/cm*. 

2x 10: = SOW, whence W=32%10" (g-wt) =3.2 kgf. 

Problem: A steel wire of crsss-sectional area 0.5 mm? is held just taut at 
20°C. Fird the tension when it cools to 0°C. Y=2.1x 10:* N/m? ; «212x10 "lC 
(Ans. 25,2N). [L I. T. 73] 

D. Work done in stretching a wire: In str etching a wire its 
free end must be pulled against the resisting and restoring force of 
stress, Then work has been done by the external agent. The work 
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becomes, the stored up potential energy of strain. This is a. particular 
case of what we discussed in I[-3:2, When the external force is 
suddenly removed the wire regains its original length \ when >the «strain 
energy is released as heat, 

(1) Ifa tensile force Fapplied at the free end of a wire clamped 
at the other end of length L and area of cross-section A, lengthens 
‘by twe have F-YAI/L. Let the wire lengthen by a further small 
amount dl, then'the small amount of work done is 

dW=F, dl=(YA/L) I.dl 
_Then the total work done in stretching the wire through / will be 


1 
YA Ys 
way fi: di i7 B= KP (1-3.6 3) 


o 

formally similar to the egn1I-3,2,2, Now the volume of the wire is L. A.So 

<. WILA= Mrs E i" $ stress xstrain (11-3.6.4) 

This relation gives the strain energy stored up in unit volume of the 
strained body. © The result hols for all kinds of strains, 

. (2)° The work done can be alternatively found thus : as the string elongates 
from 0 t» I, the opposing stress force rises from zero to Kl. So the average stress 
force must be $kl. The work done therefore for the free end to be displaced 
by I will be 3kI.] =4k1?, 

Elastic P, E,=4 Applied force x displacem:nt 
, = Average force x displacement (II-3.6.5) 
(3; The w. rk done on or energy stored in a stretched wire can also 
be found graphically by plotting 

F against e. „For example,,let 
e, represent. the .extensions:for 
the load F, (fig. II-3.8) and e, 
the extension with the load F,. 

area- RER ls If F be, any intermediate force 

stored and) Ax «the small extension 
for that, then 


e 


diris SL e Work done = Energy stored 
Ax =F. (e, — e) 
Fig. I-38 . Now you see ahat- F.Ax is 


fepresented by the, small shaded. area, | So. the total work done between 
€, and e, is given by.the area BCHD which is a trapezeum. 
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Area of trapezium BCHD -3 (BC+ DH)x CH 
-i (FE) (e — 61) 
.. Energy stored = Average force x increase in length 
D. Rise of temperature on snapping-of a loaded wire: When a 
loaded wire suddenly snaps it is found to rise in temperature, It so 
happenes because the potential energy stored in it is reléased in the 
form of heat leading to a rise in températüré whith máy. be computed. 
as follows s 
Work done in elongating the wire is 
W= Average force x elongation =} Applied force x elongation 
Again, elongation §/= stress x length/Young’s modulus 
S0 W=} Fxsl=} Fx(FL/YA) -AF'L|YA (II-3:6.6) 
Now conversion of this work into heat is H= W/J where J is the 
mechanical equivalent of heat, lfp be the density of the material of 
the wire, then its mass is LA. p: Ifs be the specific heat capacity 
of the material' and its rise. in temperature (9; would be given by 
msg = LApso 
4 iix 1 FL 
4 H2LApsüo- W]J-1 YAJ 
: P -3:6,7) 
<. 0-21 PAR (11-3:6.7, 
Ex. II-3.17. A steel wire 2m long andof 1 mm" cross sectior is elongated 
through 0.1 mm, Find the work done and energy stored in unit volume. 
Solution: W=3(YA/L)I* - àx2x10:* x107* x0,0001/200 — 5 x 10* ergs 
(Energy/volume)=4 stress X strain eT x L- 4x2x10**x (So) ergs/cc 
=10** x $x 107° =2,5x 10° ergs/cc. 


Alternatively, Energy ENS 22,5 x 10? ergs/cc 
Problem: As the load on a wire isincreased' slowly (why ? ) from’ 4 ‘kgf to: 
6kgf the elongation increases from 0.65 to 1.13 mm. How much work per unit 
volume is required during the extension ? (Ans. 0.0205] ) 
[Hint : Find the work done separately fór the two loads and take the 


difference.] 

Ex. 1I-3.18. A 20 Kg wt is suspended from a copper wire and! 1 mm in radius. 
What will be.the change in temp. if the wire suddenly breaks g For copper Y- 
12x10" dynlcm^, »— 9 g|cc and sp. heat —0' I, J=4.2 Jical. [ Cambridge ] 

Solution: Work done in elongating the wire ~ " 

W=} Applied Force x increase inléngth-iFl 
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. j FL 20x1000x980xL 2x8L.4., 
Agin Y AO AS O is eem 


2d x ^ 


s We #.20 x 102 x980 x £L 1974 m 980 XAL orgs 
3T 3r 


Now on sudden snapping, this strain energy gets converted into heat. 
e FeH-msi- Vise Lxer! Xsx0 


Lxrx(0.1) x9x9= 90X49L _ ers. 


Srx42x10 * ergs/cal 


980 x 49 o 
n araa A.D 1078 C 
9T rr x42x10 X9X(U.])' dei; 


Confirm by directly applying II-3.6.7. 

11-37. Poisson's ratio. 

When a body elongates freely in the di. ection of a tensile force, it 
contracts laterally, ie. in a direction perpendicular to the force. 
Whea a compressive force is applied, it expands laterally. . When 
there is no bar to lateral contraction or expansion, the ratio which: the 
lateral change in length per unit length bears to the longitudinal ch.nge 
in length per unit length is called Poisson's ratio, It is a pure number, 
being the ratio of two strains, Jt is not strictly a modulus, only a 
fraction. 


"Or 


lateral strain (11.3,7.1) 
longitudinal strain 
Tt is clearly a property of solids mainly in the form of a wire or 
Tegular bar or rod. When a wire of length / is elongated by òl, its 
radius r shrinks by sr. On compressing a rod lengthwise its radius 
increases, The longitudinal strain is then l/l and the lateral strain 
&r|r. The changes are opposite and if one of them (say tensile strain) 
is. 4-ve the other (lateral contraction) is — ve and vice versa, Hence 
for tensile strain 


Poisson's ratio (e C mr (A) (II-3.7.2) 


Poisson’s ratio= 


and for compression (c), = CE (B) 


Its theoretical value from the last relation of eqn. (11-3.5.5) would 
lie between +i(n=0) and —1(k20) For most materials it lies 
however between 0.2 and 0,4, 


I T NES 
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Ex. II-3.19, Change in volume of a rubber. cord due to change in linear 
dimensions is negligible. Show that v — 0.5, 
Solution: For the cord V=zr'l. To find changes in V, r, | we have 


dV - x(L2r.dr + r^ dli 
Since by condition dV=0, we have I 2r dr = -r?.dl 
- drlr . 
or "alil i 


[ Actually œ for rubber is 0.48. Metals generally increase in volume when 
stretched due to slipping of constituent crystals. ] 


Ex. 11-320. An alumininm rod is 2 metres long and 2 cm. in diameter. A 
load of 70 kg elongates it by 30 parts in a million. If Poisson's ra'io for 
aluminium is 0.33, find the contraction in diameter due to the load. 

Solution: Longitudinal strain - 30x 10-*, Lateral - strain longitudinal 
strain x Poisson's ratio «30 x i0-* x 0,.33— 1075, 


Contraction in diameter diameter x lateral strain 22x 1075 cm, 

Ex. II-3.21. Find the change in volume on stretching a wire 1 m long 
and cross section 0.1 ‘cm? by a load of 10 ke if a for its material is 0.33, Find 
also Y for the material. [J. E. E. 76] 

Soluiion: Ve=rr'l. So change in volume dV—z/l?r dr+r° dl) 


-—rr'dl I2rik 4 zrr'dl (1+ 2h) 
(7 \ r 
--drir 0.dl==Idr, 
Now o a: 9 dl Ir 
«dV -rr^.dl(1-20e,—4 di\1—2e) 
Putting these values dV —0.1 x 0.1(1— 0,66) =0.01 x 0.33=0.0033 cc 
= 10x 1000 x 980/0.1 -9,8 1010 dynjem* 
2 v.1/100 yal 
Ex, II.3.22. g¢ and Y for the material of a vertically suspended light rod of 
length 3 m and radius 3.cm are respectively 0.3 and2x10'* dynicm*. Find the 


lateral strain when it is loaded by 1200 kg. [ H, S.’80 } 
Solution : We know that ' 
A lateral strain —9.(longitudinal strain) A 
FIs 3 1200 x 980 x 1000/7 x9 
m tat” 2x10!* 
= 03x $98 X107* 9,6 19- 
.mrx9 , 


II-3.8.4. Shearing stress and strain : Modulus of rigidity. 
A stress applied to a body in the plane of one of its faces is called 
a shear. It changes shape of the body, not its yolume, 


D 
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To undérstand what a shear is, we may think of'a pack of cards’ or 
a thick book lying ona table, Laying the palm flat upon the pack 
of cards or the book we may apply, a horizontal force (F so that the 


rectangular pile is changed into a. parallelepiped, each card or the 
page sliding over the one beneath. 


Shear stress=F/area The shape thus changes without 
Fi change of volume. When an 
elastic body is changed in. this 
way its shape being changed 
without change of volume, it is 
said to undergo a shear. A shear 
requires the application of a 

bi bast tangential force fig. II 3.9 illustra- 
tes a shear. The base DC of the rectangular block ABCD is kept fixed 
and a tangential force F is applied to the top AB, Asa result the 
body i: deformed from the shape ABCD to the shape’ A'BC'D. ' The 
angle ADA’ 2 « is the angle of shear. 

When a body is sheared.) the ratio. of the RS stress to-the 
shearing strain is called ' 
the modulus of rigidity 
(or shear modulus). If a 
tangential force F applied 
over an area « produces- 
the shear, the : shearing 
stress is F/«. Ifdueto 
the sheàr a''straight line. 
perpendicular to the plane Fig! 1-39 (5) 
of shear becomes inclined 
to its original direction by an angle «, the shearing ‘strain is taken’“as 
tan «[=AA‘/OA'|(=« when «is small, as it, generally is), Thus the 
modulus of rigidity may be written as 


Mee ht a E (II-3,8, 1) 


In cgs units it is measured in dynes per sq. cm (dyn/cm?) like the 
other two elastic moduli, (G however is the intertiationally 
recommended symbol for modulus of rigidity), ` 


s | 
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Fig. 11-3.9 (b) illustrates what we said above about sheating a 
pack of cards, Here the angle of shear is 9, 
When two plates held by a rivet (fig. II-3.10) are pulled away from 


each other parallel to the 
NEW 


common surface the rivet 
sustains a shear, its lower part NN MY —-— 
Fig. II-3.10 


tending to slide off the upper. 
The name shear is derived 

from the fact that when a piece of paper is severed by a pair of 
shears (scissors) precisely this kind of stress is applied. 

The twist in a wire or rod is proportional to the couple producing 
the twist, provided the latter does not exceed a certain value. The 
behaviour of a wire or rod under the action of a twisting couple is 
determined by its modulus of rigidity, We discuss it below. 

Liquids and gases do not have any modulus of rigidity as the 
smallest shearing stress goes on increasing the shearing strain in them. 
They cannot be in equilibrium under a shearing stress, So fluids are 
defined as those materials which cannot oppose à shearing stress. 
Rigidity is a property of the solids only. The unit and dimensions of 
rigidity modulus are, as apparent, the same as those of Young’s 


modulus, 

Ex. II-323. A square plate of metal 4 ft on a side and} in thick is subjected 
to a shearing stress which tends to twist the square surface into a rhombus. To 
apply this stress one edge is securely fixed, and a bar, fastened to the other edge, 
is pulled with a force of 180 tons, As a result the bar is observed to advance @ 
distance of 0.069 in. in the direction of pull. Find the shearing strain, the shearing 


Stress, and the coefficient of rigidity of the "e 


Solution: 
, displacement of the bar 0.069 in 0,00144 
Shearing strain 6 side of the square 4x12i 


: lied force 
Shearing stress = mra ot AS face parallel to it 
180 x 2240 Ib. = 16800 Ib per sq in 
^jinx(4x12) in uen: 


Coefficient of rigidity = StS. an Ib/in? = 1.17 x 10" Ib/in?, 


Ex. 1-324, An aluminium cube measuring 2 in. along each edge is ‘subjected 
to a pair of parallel shearing forces applied’ to its opposite Faces, How large 
must each of these forces be in order to shear the block c an angle of tor ? 
(n - 4.2 x 10" Ib per sq in.) à Acn s 

6 


e 
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Solution: 9=0.01°=0,01x E rad=0,000174 rad. 
Now n ma or F=n.S.9., 
S'a 
242x10* x2x2 x 0,000174 lb wt=29 x 10* Ib wt. 

B. Torsional deformation : Think of a thick rubber cord hanging 
from a hook. You can deform it by twisting the free end . You 
can imagine of doing the same to a wire or cylinder. In these cases 
you need to apply a couple or torque at the free end instead of just a 
deforming force, An untwisting couple will be developed within the 
body and ultimately balance it. All suspended coil or suspended 
magnet instruments work on this principle. 


That such a.twist is equivalent to à shear can be understood from 
Fig, II-3.11. Through the cylinder imagine . 
a rectangle ODBX. On twisting it becomes 
ODB,X; it has suffered a shear. « 
radians is. the angular displacement suffered 
by every point atthe free end of the cylinder, 
gis the angle of twist and represents the 
deformation or strain, again a. pure number. 
Under equilibrium, the stress couple is given 
by Hooke’s law as 
L=ca 
where cis said to be torsion constant the 
twist required for unit torsion, Angle of 
shear (4) between vertical lines is not equal 
Fig. II-3:11 to 0 aud is a constant while g is not so for 

different sections between different radii, 

If n be the rigidity modulus of the material of the cylinder of 
length and radius r then it can be shown that 


ne AL. / (113.82) 


Ex. 11-325. A circular bar 1m long-and 8 mm diameter is rigidly clamped 
In a vertical position. . A couple of magnitude 25107 dyne-cm. applied to the 
free end deflects a spot of light from a mirror on it through 15 cm ona scale 1 m 
away. . Find n of its material. [P.U.] 
Solution: Lamp and scale arrangements are often utilised to measure 
angular deflections. The wire or bar that is to be twisted carries a very small 


ESE roo UR 
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light mirror which reflects a very narrow beam of light on a meter scale. 
When the wire twists the mirror moves and the spot of lightion the scale also 
shifts. This linear displacement divided by the lamp-to-scale distance gives the 
angular deflection suffered by the reflected beam, Half this angle gives the 
rotation of the mirror and hence that of the wire, as you'shall learn in ‘the chapter 
on ae at plane mirrors. Hence from the problem the angular deflection 


2118 LL. 25x10 
0 200 rad. and torsion constant c a 15/200 
. n2 Zhe. 2%100x25x10- 13.3 101? dynjcm?. 


Tr*  v(0,4)* x 15/200 
Work done in Shear ; Refer to fig. 11-3,9(b). If F be the tangential force acting 
over an area A, @ the angle of shear and /(=AB) the distance between the 
extreme planes perpendicular to the direction of shear, then the displacement 
BB', (=19) is established by the average (from 0 along AD to F along BC) force 
of $F. So the work done is 3FI6 and energy of shear per unit volume or 


Energy density 4FI0/IA ails =} stress strain * (1138.3) 


II-39. Volume stress: Bulk modulus. The volume ofa body | 


whether solid, liquid or gaseous, can be reduced by applying a 
uniform pressure, If an increase of pressure Ap reduces the volume 


from V to V— AV, the volume strain is . AVIV. The volume stress is... 


Ap. The ratio of volume stress to ‘volume strain is called bulk 
modulus, provided the shape of the body does not change. 
^ volume stress 
Bulk modulus (m ae 7 — AT (III-9. 1) 
4p is measured by the force applied per unit area ; AV/V is a pure 
number, So K is expressed in 
force per,unit area, 

The reciprocal of bulk 
modulus is called the compres- 
sibility of. the — substance, 
Gases are highly compressible 
and have small values of K. 
For a gas the bulk modulus . 
we shall show to. be equal to 
its pressure, Both solids and 
liquids have high values of K, 
of the order of 105 kg-wt per Fig. I-3.12 “ 
m2, As obvious from above T 
discussions and previously stated, bulk elasticity is the 


only elasticity 


y 
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shown by fluids and it is the compressibility that diffe rentiates 
between the two classes of. fluids, viz liquids and gases. So far as 
this modulus is concerned, there is little difference between solids and 
liquids. The table below compares the different moduli of elasticity 
of several materials, 


Table : Moduli of Elasticity 


Young's modulus Bulk modulus 


Modulus of rigidity 


Substance dyn lb-wt dyn lb-wt 
cm? in? cm’ in? 


Aluminium 7x10"? 
Copper 10 » 
Iron com 20. » 


10x 10° 7x10": | 10x10* | 2:5x10'* | 3,6x 10° 
14^ 12: 5 Td 42, 61. y 
29.15, 96 , l4 p» 51.5, 74 yy 
Tron (cast) 1155, 
Steel (mild) 20. n 
Water a 
Mercury 


Ex. 11-326. Calculate the bulk modulus of glycerine, if a litre of this liquid 
contracts by 0.21 cm* when subjected to a pressure of 10,000 gficm*. 


Solution: Volume strain=Sb20ge in volume _ 0,21 cm*. 0.21 x 10-* 


original volume ^ 1000 cm? 
Stress —10,000 gf/cm?, 
P ga, glcm*e476x10* gicm* 
Ex. 11-327. The Poisson's ratio of a material is c. If e represents tensije 
strain show that volume strain is e (1-20). 
Solution: Let V be tke volume of a solid bar of length J and radius r. Now 


Vere] vor Writ 2rd tr’ dier ( Ee ) 


- Bulk modulus= 


[ When J increases r diminishes ] 
. 
" 2-2 7 or volume strain-e(1—20) 

Problem, Show that if 8p be the change in density very small compared to 
original density p then P=K, 3V|V may be replaced by P=K 8elp for a liquid 
where P is the applied force and K the bulk modulus, 

Volume elasticity of a gas. If the volume ù% of a substance 
changes by dy when the pressure on the substance is increased by dp, 
the bulk modulus is given by K= Stress -+ strain = dp + , — dv/v)= 
—v.dp/dy, The negative sign is due to the fact that the volume 
diminishes when the pressure increases, 
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In the case of a gas, the relation between pressure and volume 
at eonstant temperature is given by Boyle's law, which states that at 
constant temperature the product of the pressure and the volume of 
a given mass of gas is constant. In symbols, 


py = constant, 


Differentiating, we get 
pdv t-vdp- 0 " 
or p= —v.dp/dv z K. (11-3.9.2) 

Hence, in the case of a gas, its isothermal elasticity is equal to 
its pressure. 

Rapid compression of a gas heats it up, while rapid expansion 
cools it, If the volume stresses applied to a gas are so rapid then its 
temperature no longer remains constant, its bulk modulus will have 

fa idifferent value. In the extreme case when no heat is allowed to 
enter or leave the gas, the relation between its pressure and volume 
is'given by 
py’ = constant, 

It is called the adiabatic gas equation. y is the ratio of the specific | 
heat of the gas at constant pressure to that atconstant volume. =s_. » 
Differentiating as before, we get 


prs") dydp y 20 
or ypd»- —vdp. 
„p= —vdp|dv = K. 
Hence the adiabatic elasticity of a gas is y times its pressure. , , 
Remember these results well for they are basic to finding ; 
velocity of sound through a gas. Newton developed an expression 
for this velocity which was late: corrected by Laplace on these 
equations, s 
Work done in volume strain: Let a constant presure p act uniformly on 
a volume V gradually reducing it by v. Then the average change in volume 
is jv and the work done is pxiv. Hence the energy stored in unit volume 
"will be 


(039.9). 


(11-3.9.4) 


BV ypx} = i 
V Xp § stress X strain 
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1I-8:10 Summary of Elastic Moduli. 


Young's Modulus 


Modulus of. Rigidity Bulk modulus 


(Y, E) (n, G) (K, B) 
Longitudinal stress Shear stress Pressure change 
Longitudinal strain Shear strain ~(Volume strain) 


Yor E- Els. Gor n=_Fls_ 


= 0p 
Sut tan ô MO E 


-60WMV 


ESL Te UN E, 134 ortu TR E 
(Shape or Volumeconst) Volume remaining 


Shape remaining 


Change in length constant unchanged 
due to Change in shape change due to 
tensile or compressive due to uniform change of 
forces tangential forces or normal pressure 
couples 


[——— ——— 


Solids only 


Valid for Solids only Both iie and 


Stretching wires, ben- | Torsion of wires, 
ding beams, linear | helical springs 
change due to ther- 
| mal changes. 


Velocity of sound 
formula, in . all 
materials. 


In seismography (the science of earthquakes) a fourth modulus, 
the axial or elongational has been introduced to accomodate 
deformations produced in solids of infinite extent by longituninal 
waes, 
. H-3.11.. Genaralised Stress-Strain Relation for ^ solids. 
A. Metals, 
Refer to fig 11-33, The load extension graph is a straight line 
upto the elastic limit for by Hooke's law we have 
! Load = const, x strain 


REC fe a L 
à Modern Internationally accepted symbols, 
HEP 1 ^ à 
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ie y=mx—the equation of a st, line through the origin, In the. 
stress-strain relation [ fig, II-3. 13,2) and (b) ] we shalllook further into 
the matter, In (a) the straight line 
portion OA is followed by a 
curve rising slowly at first and 
then very sharply, A then is 
the proportional limit. Along 
OA and upto L just beyond, the 
wire is found to regain its 
original length on removing the 
load, L then represents the o 
--elastic limit. Along OL the wire 


issaid to undergo elastic defor-. 
ins a small permanent set OP on 


mation. Beyond L, the wire reta j 
removing the load, The proportional limit is distinct from elastic 


limit, 


Stress 


Strain 


Fig. I1-3,13(a) 


Experiments reveal that for mild steel amd iron, molecules in the ` fiy 


wire start ‘sliding’ across each other soon after the elastic limit is 


exceeded and the material is said to have become plastic. In (a) . 


called the yield 


the slight kink at B beyond L registers this, Bis 
itself by 


point, The change from elastic to the plastic stage shows 


sudden increase in elongation as if the material has staried to flow. 
As the load is raised further, the 


extension grows rapidly. along the 
curve EC and the wire grows 8 
local constriction and ultimately - 
snaps at D. The breaking stress 
of the material is the load per unit 
area of cross-section at the maxi- 


£ mum point C. It is also the 
j ultimate tensile stress (UTS). This 
— EXTENSION multiplied by the cross-section 

Fig. I1-3.13;b) gives. the breaking load for the » 
particular wire. The falling portion 


CD shows the unexpected fact that with diminisbing load extension 
grows on. bar 


Á 


ml 


E 


i 
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Substances that behaye as above which elongate” considerably, 
‘suffer plastic deformation until they break, are said to be ductile. 
Mos pure metals including lead, copper, iron are such. Those that 
break just after exceeding the elastic limit are said to be brittle ; 
glass and high carbon steels are such materials, For plastic materials 
the curve runs parallel to the strain axis ie. they go on extending 
beyond the yield point with. little incfease in load, the material 
appearing to flow. This behaviour under varying loads are shown 
in fig (1I-3.13b). The strength of a metal, its ductility and plasticity 
depend on the defects in their crystal lattice, Alloy metals like 

| bronze or brass show no yield point, they go on increasing beyond 
the elastic limit without a plastic stage. } 


Briefly we may explain these behaviours. At low tensile stresses atoms get 
slightly displaced and return to their normal positions when the stress is released. 
If the’ metal is stretched beyond the elastic limit, the atoms cannot tegain their 
undisturbed positions and get a permanent set or displaced position. It has then 
suffered plastic deformation. This is:caused by movement of crystal planes called 
slip ox,inating ia dislocations of crystals. t 

.' Work-hardening, also called ‘cold’ hardening developes by repeatedly deform- 
i ng a metal wire when it becomes harder and brittle, i.e, more resistant to plastic 
deforiuation. This is because on repeated deformations the lines of dislocation 
move through the solidand get pinned and tangled at impurities and defects. 
More the deformations, greater the entanglements and hence harder or stronger 
the metal. You may have observed electricians breaking thick copper wires by 
mepeatedly twisting and turning them, 

. Heat treatment can also increase the strength of a metal by temp. hardening. 
If a metal is strongly heated and then rapidly quenched in cold water it becomes 
hard and brittle, If cooled slowly it becomes harder but more tensile. 

Introducíng impurities may make an alloy harder or more ductile depending on 
the nature of impurities, : 


E 


Elastic Fatigue: ^ Just as you fatigue yourself by repeatedly 


ji bending and then straightening yourself quickly, a metal wire loses 


its ductility by repeated twisting and untwisting and suddenly breaks, 
This happenes due to what is called elastic fatigue. Due to it, 
Sometimes fan or propeller blades may break off without any notice. 
It arises because of ‘cold hardening’ discussed above, 

B. Non-metals : Glass and Rubber : 


Glass is very stiff at room temperatures ; its stiffness is then 


th, greater than that of steel. It has only a small elastic region and is 
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brittle, So it has no plastic region and fractures easily, Remember 
that glass actually is a supercooled liquid and hence melts and flows 
easily at high temperatures, 

Rubber can easily be stretched to many times its length and 
hence is much less stiff than a metal, say steel, A question otfen 
asked runs as to which 
is more elastic, rubber 
or steel? Strictly 
speaking steel is so, Gloss 
for its -modulus of 
elasticity is high, 
requiring more force 
to bring about equal 
deformation. So steel 


is more elastic than 
rubber E 


Copper 


Stress 


Popularly, the term ---- 
elasticity carries just Strain 
the opposite sense— Fig. II-3.14 


easier it is to stretch 
a material, more elastic it is said to be, It then should have a high 


elastic limit and a small modulus, It is in this popular sense that 


we call rubber more elastic. : 
But at high strains such as 700%, rubber does become elastic in 


the strict sense whereas copper is elastic at relatively small strains 
such as 0'1% It is the molecular structure which is responsible 
for such behaviour of rubber, Unstretched rubber bas coiled mole- 
cules which unwind and become straight when stretched and it is 
then, that it becomes really elastic ie. more difficult to stretch., 
There is no plastic deformation when rubber is stretched, as there is 
Ewhen a metal is stretched. Comparative behaviours of these are 
shown in fig, II-3 14, (The curves however are not to scale). 


It-4 
HYDROSTATICS 


II-4.1. What it is: This branch seeks to understand the proper- 
ties of fluids at rest. Fluids, as we have already learnt in g 1I-3.8A, 
cannot resist the action of any shear or tangential forces however 
small; they flow under the action of such a force (that applied over and 
along any free surface) and hence are called fluids. This is their basic 
difference from solids, for the latter can and do oppose such forces 

Hydrostatics is thus the study of fluids at rest under gravity. Two 
fundamental laws govern their properties which follow from their 
property of their inability to oppose shear, The laws are 


m () Force exerted by a fluid at rest on any surface with which it 
.is in contact is perpendicular to that surface, The well-known 


Archemedes' Principle follows from it ; and 

(ii) Pascal's Law: Any pressure exerted on a confined mass of 
fluid is transmitted undiminished throughout it in every direction. 
@ The concept of pressure at a point is central to hydrostatics, We 
now try to clarify the idea, 


1I-42. Pressure: (1) Place vertically a pencil with its flat end 


' Standing on your palm and. place a rather heavy book on it, . The 


weight of the book exerts)a force here called the thrust on your palm. 


. Now invert the pencil with its sharp tip on the palm and place the 


. book on the flat end, You feel an acute if not painful, sensation on 
"the palm though the force remains the same, i 
Why is it so, though the force pressing on the palm remains un- 
changed in the two cases} The difference lies in the areacover which 
the force was applied, With the flat end on your palm the weight of 


the book gets spread over an area larger than when the sharp end 
pressed your palm, 


; (2) Wrap a fine string around a heavy parcel and lift it from the 
ground ; youfeel pain, Suspend the same string from a wide handle 
and raise the parcel by it, the task becomes easier. With only the 


m ee 
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string the force exerted on a unit area of your finger by the load was 
much greater. 

(3) Your feet sink in mud and you find it difficult to cross a 
muddy street, But if you walk on a plank it becomes much easier - 
to do so. In the first case, your weight is distributed over the area i 
of your two feet while in the second the same on the much larger area 
of the plank makes force per unit area become much less. 

(4) Children know, it is a punishment to stand oñ one leg. You 
avoid walking barefooted on broken sharp-edged pieces of rubble 
on a dug-up road, The sensation is painful as the areas of contact . 
being small, force exerted per unit area is large. 

Thrust and Pressure: The force exerted on the ground by 
your weight is said to be the thrust while that force divided by the 
area of your pair of soles is the pressure you exert on it. $ 

Definition : Total force (F) exerted perpendicularly over an area 
A is the thrust exerted. Their ratio i.e. 
force exerted over unit area is pressure, 
Hence pressure (average) is 

p= Force/ Area — F/A (11-4.2.1) 

Dimensions of Pressure: Clearly 
FIA- MLT-*|L* = ML T-* ; this is 
the dimension of pressure. It is identical 
with stress in elastic deformation. 

Units: Pressure is thus not a force 
and the units must be different, Force, ^ ==—=——===== ^ 
is expressed in such, units as the J 
newton, dyne or poundal, Pressure 
has the unit of force in the numerator and that of area in the” 
denominator, So in absolute units, pressure must be expressed in 
N/m?, dyn/cm?*, poundal/fi? and in gravitational. units in kgf/m*, 
gf/cm? or Ib/ft* etc, It may be expressed in other units as well. . 


Example. Il-4.1. Express 1 metric ton (or tonne) per square meter in dynes 
per square centimeter. \1 tonne—10? Kg) ; 
Solution: ltonne-10?x10? gf—1)09 x980 dyn, 1 m?=(100 em)?=10* cm*- à 


Hence the required presure= 10798 dyn _9, 8x 104 dyn/cm” 


Fig. II-41 


Problems, (1). Show that a pressure of 1 ton/ft* =10,72x 104 NÍm* . 2 T 
(2). Find the ratio between dyn/cm” and N/m’. (Ans. 110°) 


||| along AP and A'P’ are equivalent to a 


JI and 4’ being at the same level the 


X) PROPERITES OF MATTER 


Pressure at a point: When discussing liquids we use this term, 
| Asapoint has no area the expression needs an explanation. In 
| equation YL-4,2,1 if the area | 4 is made so small (84) that the force 

(8F) over. it may be taken as uniform then the pressure at a point is 
| given by 4 
Da 0 vee 7 0:422) 
| Il-43. A liquid at rest exerts a normal thrust on any surface 
| án contact with it. It can be proved theoretically. 
In Fig. II-4 (a) let ACB be a surface in contact with a liquid at 
| 7st under gravity. Let a force F be exerted by the liquid at C, along 
if possible DC The reaction. force 
exerted by the solid surface on the 
liquid must, by Newton's 3rd law act 
along CD. This must be equivalent to 
a horizontal or tangential component 7 
along CB and a vertical or normal 
| component N perpendicular thereto, 
‚But T provides a shear which must slide the liquid layer along CB for 
it would not oppose that force. But the liquid is at rest which 
| means that T is not there. So the force exerted must be entirely 
| normal to the surface in contact, 


Fig. II-4.2(a) 


Again, we consider two points 4 and. 4' in (fig. II-4.2/5) on the 
||| vertical sides of a bottle, Consider two inclined thrusts along PA and 
|| P'4' on the wall. Their. reactions 


| pair of horizontal and vertical compo- 
||| nents (AB, AC and A's’, AC’). Now 


| horizontal (here the normal) compo- 
|| | nents are equal and opposite and must 
| cancel out. But the vertical (here 
tangential) components being similarly 
|| | directed should put the liquid in up- Fig. II-4.2(b) 

{ward motion, But the liquid is at rest. Hence tangential upward - 
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components are absent; only the normal components i.e. normal 
thrusts exist as we have proved above. 

Hence if an imaginary suface be drawn anywhere in a liguid the 
force exerted by one portion on the other must be perpendicular. to 
that surface. 

The conclusion can be experimentally verified. You must have 
observed water spurting out normally through small holes in am old 
hose pipe through which water is being driven under pressure, Walls 
being absent at the holes water comes out, we find normally. Push 
an old metal can with small punctures into a water vessel ; note that 
water rushes in at all holes normally, Push in the plunger into a stout 
multi-holed syringe full of water (as you do during holi) and water 
rushes out normally [fig. II-4.16/a)]. : 

Lateral thrust exerted by a liquid is exemplified in above cases, 
An elegant experiment is as follows, Fix a tall metal cylinder 
(fig. 11-432) with a straight side-tap in a large piece of cork, fill it 
with water and float it in a large vessel of water. Open the tap and 
notice the cylinder being pushed back as water rushes out. 


(a) Fig. 11-43 (b) 

The Barker's mill (fig, 11-4.3b) introduced in connection with - 
Newton’s 3rd law provides a very vivid example of lateral thrust, 
It consists of a cylinder vessel capable of rotating freely about 
a vertical axis and provided with four outlet tubes near its bottom, 
These tubes are all bent in the same direction as shown in the 
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fig, 11-4.3(b). Closing the outlet tubes the cylindrical vessel is 
completely filled with water, The outlet tubes are then opened, It 
will be found that as water flows out, the vessel starts rotating in 

` a direction opposite to that of the issuing water. When the outlet 
tubes were closed, water exerted cqual and opposite lateral pressure 
on the two opposite sides of the outlet tubes which balanced each 
other, As soon as water escapes, one of these lateral pressures at 
each outlet tube is removed and an unbalanced force acts at each bend 
of the outlet tube, These unbalanced forces produce a couple which 
cause the cylindrical vessel to rotate in the direction as shown. 

Normal upthrust is exemplified by a floating body, A very 
simple experiment to prove it requires a hollow pipe with plane 
flanges (Fig. 11-4.4) a very light aluminium 
disc suspended by a long light string and a 
deep vessel of water. Close the lower end of 
the pipe with the disc by pulling the siring 
tight and lower it deep into water. Let go 
the string but the disc will not fall off. It 
is hence held there by the upward thrust 
exeried on the lower side of the disc, Now 
carefully pour water inside the pipe; when 
the water level inside reaches that of outside, the disc will fall off. 

The experiment establishes that (i) a liquid exerts an upthrust on 
a surface in contact (ji) it does 
so downward as well and iij) at 
the same depth inside a liquid the 
upthrust equals the downthrust on 
the same surface. 


Fig, II-4,5 shows an elaborate 
set-up, It is interesting to find 
that for pipes other than cylindri- 
cal [e. g, (b)] the same happens, 
This means that the thrusts are 
independent of the mass of water 

* provided the depth of water is Fig. II-45. 
the same in the vessels—the hydrostatic paradox. 
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II-44. Fluid pressure at a point acts equally in all directions. 
Note carefully that the fluid pressure at a point within it acts 
equally in all directions. Consider a very small area A surroundig 
the point, The pressure at the point is p= F/A where F is the thrust 
on the surface, In whatever ‘ 
direction the surface is turned 
about the point, the ratio F/A 
will remain the same. But this 
pressure will be exerted by one 
portion of the liquid on the other 
portion. across’ A and perp endi- 
cular to it, Thus fluid pressure 
at a point acts equally. in all the 
directions but on different planes Fig. II-4.6. 
of the liquid. Had it not been so the liquid would not have been at 
rest, and moved from higher to lower pressure. 

In fig. IL-4 6, X, Y, Z are equal small areas (A) at same depth but 
oriented differently. The same average pressure P acts on each of 
them and normally. Similarly pressure P' acts normally to the curved 
surfaces L and M and they are again equal. 


Experimental verification (Fig. 11-4.7) : Close the mouth of a 


nz II-47 
long-stemmed thistle funnel with a very thin rubber membrane to 


Pd 
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make it water-tight, Connect its other end by a piece of rubber 
tubing to a horizontal glass tube TT mounted on a framework as. 
shown, beside a scale S, The tube carries a drop of coloured liquid I 
playing the role of an index, 


Insert the funnel downwards into the water vessel ; more you push 
down, more the index moves away indicating a rise in pressure, 
exerted upwards on the membrane by the liquid, This pressure 


' compresses the air inside the funnel and the tubings pushing I 


= 


away. This shows that (1) liquid pressure increases with depth of 
immersion. 

Now keeping the center of the membrane if you turn the funnel 
into various orientations as shown, you shall find Ino longer moving, 
ie. (2) at a given depth a liquid exerts equal pressures in all 
directions. 


Again if you use successively, liquids of increasing densities and 
immerse the funnel to the same depth in each, you will find I moving 
more and more away to the right, This shows that at a given depth 
(3) pressure exerted by a liquid increases with its density, i 


II-4.5. Pressure at a depth inside a liquid. Having proved that 
a liquid exerts a normal thrust on any surface in contact and that the 
surface may even be an imaginary one in the liquid, we proceed to find 
the magnitude of the pressure at a point on such a surface, 

To determine the pressure at a point A, distance below the free 
surface of a liquid at rest under gravity, imagine a 
small horizontal area a surrounding the point A. 
Consider the liquid contained in the vertical cylinder 
which has a as its base (Fig. 11-48.) The vertical 
forces on the cylinder are (i) the upthrust on the 
base and (ii) the weight of the liquid in the cylinder. 
Since the cylinder is in equlibrium, these two forces 
are equal, 

The weight of the liquid in the cylinder = mass 
Fig. 143. — of the liquid cylinder x acceleration g due to gravity 


a= volume x density x g = hapg, 
where p= density of the liquid (assumed constant), 
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This is the total thrust on the area a, 
The pressuté P at any point of the area des 
., Normal thrust on the area Quo 
area of the base 23d 
hapg T 

or = — 2 — 
pesce hod (114.5) 


ie, pressure = depth x density’x acceleration due to gravity. ^^ 

If the quantities 4j, p, g are expressed in absolute cgs units, Pcomes 
out in dyn/cm?. If in fps units, P will be in pousdal:/t*, In “mks 
units, P will be in newtons/m*. à 

If we d.vide P by g in the corresponding unit, we get pressure (P) 
=depth x density=hp. So written, the pressure is in gravitational 
units of force per unit area, This gives rise to an indirect way of 
stating pressure by mentioning only the liquid ánd the depth. : The 
expréssion “a pressure. of 76 cm of mercury’ means the hydrostatic 
pressure due to'a column of mercury 76 cm high, ie., the pressure at 
a depth of 76cm inside mercury Mercury has a density 13,6 g/cm?, 
The’ pressure “is! therefore 76 6m x 13.6 g/cm° x 980 cm/s? «1.013 x 
109-dyn/cm?;' «A bar is a pressure of 108 dyn/om?, 

A pressure of 100 m of water will be = 10* g-wt/cm?, In statements 
of pressure of this kind we often write kg or g for kg-wt or g-wt. 

Experiméntal confirmation’: ‘The fact that pressure increases with’ 
depth has already beén verified. In a simpler alternative we take a tall’ 
wide jar with holes im the side along : 2 Mai 
a vertical line but’ closed with wax 
(fig. 11-49). It is placed on a table 
and quick perforations are made in 
the wax stoppers with a needle. 
Water jets gush out and lower the 
hole further goes the jet, showing 
increasing pressure with depth. The 
jets describe parabolas under vertical 
gravity and horizontal liquid thrust, 

“Where the jet strikes the ground is 

however not solely dependent on its Meg r9 a 
height but also on its time of flight, If we imagine a base plane ‘Oo 
table we shall seé that the jer from the middle’ hole’ (h/2 below the 


7 
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free surface) has the maximum horizontal range. .. This can: be proved 
mathematically also. If the jets fall on a lower plane; say on the 
floor, then however the lowermost jet goes the farthest, as expected, 
In reaching the base plane the central jet moves longer and hence has 
a larger displacement, 

1I-4.6 Pressure of a fluid at rest is the same at all points in the 
same horizontal plane. The plane of the surface ofa liquid in a 
relatively wide vessel when the liquid is in equilibrium. under gravity, 
is called the horizontal plane at the place, 

Obviously, the pressure at all points at the same depth below the 
free surface, will be the same, since pressure depends on depth. alone, 
But even if the liquid surface at the top is curved (as in a liquid 
drop), the pressure at all points on the same horizontal plane. within 
the liquid will be the same. 


To prove it, consider . a 
Sse ee 8 Men Ri small uniform horizontal cylin- 


der (Fig. 11-4,10) with 4B as the 
axis, and the endsat A and B 
T—cmcc7cctj98e--013$ quperpendicular to the azis. Let P 
and Q be the pressure at.4 and 
B respectively, They act per- 
Pendicular to the end-sections each of which has an area x, The 
forces on the curved walls due to fluid pressure are perpendicular to 
the walls, ie, the line AB Hence these forces have no component 
along AB. Therefore the only forces parallel to 4B are P« and Ox 
acting in opposite directions, Since the cylinder is in equilibrium 
Px-—Qx=0 or P=@Q (1I-4.6) 
Thus we find that in a fluid 
at rest in equilibrium the 
pressure is the same at all 
points in any horizontal plane, 
Thig result is put in other 
ways. The pressure at two 
points in the same horizontal 
plane connected together by a 
liquid at rest is t, e same, Fig. II-4.11(a) 


Or, In open vessels connected together by aliquid at rest the 


Fig. II-4.10 


Ex 
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liquid stands at the same height in ‘all, Thus ing kettle, the level 
of the liquid is the same in the nozzle as in the pot, In connected 
vessels a liquid finds its own level (fig. 11-4.112). 

The fact that in. connected vessels aliquid finds its own level has 
been utilised for water-supply in a town ( fig. IT-4, Hb ) [Yet you 


TLET 
PIPE 


Fig. II-4.11(b) 


know, even near the Tala Tank water does not rise to 3rd or 4th 
storey. , Why not? ]. The fact is also responsible for functioning of 
Artesian Wells, In saucer-like depressions underlined by ‘impervious 
tock strata, rain-water seeping through’ permeable "top-soil 'gets 
collected. If a well or tube is sunk at the appropriate location in 
such cases, water gushes up by itself like a geyser, $ 

The spirit-level is used to test whether a surface is horizontal or 
not. It is a slightly bent glass tube T (fig. I1-4.12 a) with convex side 
uppermost filled with alcohol enclosing a 
small air bubble and mounted on a metal 
tub: with a horizontal base (IT-4 125). T Be 
The air bubble A always occupies the 
highest part of the tube, When placed 
on a horizontal surface the bubble A lies 
between two marks at the highest part. 
When the surface is not horizontal, 
A moves towards the highest side of the plane. ate 

Free surface of a liquid at Rest is horizontal : That can be 
established as follows. Let AB represent a very fhiù. horizontal tube 
imagined inside a wide, large vessel in which a liquid is at rest under 
gravity, Let us imagine that the free surface is not horizontal but 


Fig. II-4.12 
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undulatory such that the center of the surface.B (Fig, 1I-4.13) is at 
i ¿s-a depth h, less than A, the depth 
of the center of the’ face A. If 
p-be. the density of the liquid 
ñ considered... homogeneous, , the 
force on A ish,pgx and that on 
B is hi Pga where « is the area of 
cross-section of the imaginary 
horizontal liquid tube, Since 
h >h, the force on the tube will 
be unbalanced acting towards B and move AB. But the liqui-dis at 
Test, so there is no unbalanced force “and hence h, must be equal 
to his. 

Note that these two corrolaries—(i) In connected vessels a liquid 
finds its own level and (ii) free surface of a liquid at rest must be 
horizontal, follows from the fact that presure inside a liquid at rest 
along a horizontal surface is everywhere equal. 


Fig. 11-4.13 


e 


fto 
3---— 


me =~ l.l. 
wea e t 
of 9 yl 


Fig. II-4.14 (b) 
considering an elementary horizontal cylinder asabove; AB+ED=h, 


and GH+KL= ^, and as above hi=h, 
enn 1L4,14()) is shown two immiscible liquids placed’ in the 
-tu ,9ne mercury say, the other, water, ABCD is a horizontal 
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surface at height.h, from the horizontal surface FE, The heavier 
liquid of density: ,, stands upto M from CD at-a height,h, while the 
the: lighter liquid of density o,, upto L from the common surface AB 
toaheighth,. As FE is at rest we have Pressure at-E- Pressure at F 
or hip,gth,0,g—hip,g-hgogg Or. h,[h, —P.lp, (11-4.7.1) 
ie, the ratio of liquid heights in the two arms when af rest is 
inversely as the ratioof two densities, This provides a ready means 
to fiad the relative density, of any liquid 
and. density or specific | gravity of an 
immiscible liquid taking -water as one of 
the liquids. 

The same arrangement’may be used to 
compare densities of two liquids provided 
they are separated by a third liquid which 
does not mix with’ either and is heavier 
than botb, Fig. II-4.14(c) shows the 
set-up which obeys the same equation 


as above Mercury is the common third "Fig, II-4.14(c). 
liquid. This: is a balancing column method of finding relative degeity 
of a liquid. 


Note that air pressure plays no role in controlling liquid bis 
for it presses equally on both the liquids and.so cancels out. 


II-4 8. Thrusts exerted by Liquids. i 

Liquids or rather fluids differ from solids in that they exert fofoes 
on surfaces in contact, in all directions but solids do so-in only on 
surfaces below them and that only due to gravity. In the experiments 
detailed above we have found liquids exerting vertical thrusts up and 
down as well as lateral ones but always normally. 

Hydrostatic Paradox : Liquid pressure at a given depth depends 
only on that depth and not onthe shape of container or the mass of 
the liquid. We have already come across the term. (fig 11-4.5) 


A. Masson's Experiment (Fig. Il 4. 15) Several glass containers, 
open at both ends, of different shapes (Pascal’s vases) but same base 
area), may be screwed to a platform, A long horizontal le lever carries a 
disc, at one end closing the screwed base of. the Pascal's vases tightly 
by loading it at the other end, „Water is carefully poured on the 
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screwed base until its weight just exceeds the load on the pan, “Then 
the disc is forced open, the water. leaking out, A pointer moving 
along’ an upright is made to 
mark. the level of water, when 
this occurs. 

The vase shown, is now 
replaced by the one marked (5) 
which «has .a much smaller 
volume and the experiment 
re-performed; “Precisely at the 
(€ same height as for (à) water 

starts leaking... Vase (c) holds 
more water than (b) but. less 
than (a), . But. water. starts 
leaking precisely at the same 
Fig. II-4.15 height. as; the other two So 
i the surprising fact. emerges 

that different amounts of water may exert the same pressure, 

B. Explanation: There is however nothing. paradoxical or 
Surprising in it for pressure exerted by a given liquid on a surface 
depends-only on dépth and not on its weight; : 

In the experiment above, we find the thrust on the bases are all 
equal, for in each case base area is the same and so is the liquid depth 
and thrust is the product of these two, In fig, I1-4.16 three vessels 
of same base area but of different shapes are shown where bases 


t (b) 
Fig. II-4.16 


DC, of each are equal, In the flaring vessel (a) the weight;of the 
liquid in ABC and GEF are nullified by the upward vertical compc- 
nents of reactions V to liquid ‘pressure exerted at P and Q so that the 
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water inside the cylinder ACDF only exerts the down thrust, In (5 
the downward vertical components of reaction of pressures at P and Q 
add to the weight of water in the tapering vessel 'GDCB which is 
equivalent to the weight of water in the imaginary prisms FDG end 
ABC so that the total thrust on CD adds up to that in cylinder of 
base CD as shown finally in (c). 


II-4 9. Average Pressure and Total Thrust on a Surface inside 
a Liquid: The immersed surface may be of any shape and placed 
(i) horizontally , (ii) inclined at any angle or (iij) vertically. 
(i) The total thrust.on any horizontal surface Inside. a liquid is 
Thrust — Pressurc x Area —hog.A 
since pressure at all points of the surface is the same, 


(if) If the surface immersed be inclined then pressures at its 
different points differ, for their depths below the surface differ from 
point to point, It may be shown thea that the resultant thrust om 
any immersed surface is equal to.the,weight of. a. column of liquid 
with the surface area as the base and'the depth of the C. G. (or 
rather the centroid) of the surface as its length. Case {i) isa 
particular case of this theorem, If then hgg be the depth of the C.G. 
of tlie immersed surface below the free surface of the liquid we have 

Total thrust= Average Pressure x Area — ha Pg A (1-49.1) 

Thus the total thrust 
is (i) independent of 
inclination and dependent 
only on (ii) surface area 
and (iii) - depth of C.G. of 
the immersed surface. 

Fig. II-4.17 (a) shows 
an inclined surface A of 
which very small bits-a,, 
dg,dg...etc are at depths 
h,, h,, hg...etc. below the (a) (b) 
corresponding free surface Fig. II-4.17 
areas, Clearly then the total thrust would be 


[-1-] 


a 
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where h, is the depth of the C.G (in b): below. the free surface and. 4 
the surface area, The point at which the resultant thrust acts on the 
Surface is called the center of pressure of the surface 

Fig, I1-4.17(c) shows a» vertical rectangular surface area /x b, 
immersed with its top surface h cm 
below. the free surface of the liquid, 
Clearly the average pressure on it 
acting laterally would be 


= 
= 


RE P 1pg[h-- h+] 
Fig. 1I-4.17(c and total lateral thrust 
F=4p8(2h +b) x Ib = (hog +1 pbg)lb (II-4.9.2) 


Ex. 11.4.2. A vessel 20.cm long, 10 cm broad and 15 cm in depih is, comp'etefy 
filled with water. Find in gm. wt the total thrust on one of its longer side walls. 


Solution: Area of the wall=20 cmx15 cm-300sq. cm. The cg. of the 
Wall liés 15/2cm below the surface, © ° 
“4%  Averagé pressure = pressure: atadepth of 7.5 cm of water 
i =7,5X 1x980 dynes/cm? 


~ Hence, total thrust=300 x #980 dynes =2250 gm wt.=2.25 kgs 


Ex. 1I-43. A canal 40 ft wide has a dam across it, Find the pressure. on 
the dam at depths of 5 ft, 10 ft and 15 ft 
below the water level. Find in tons the 
total thrust on the dam if water is 20 ft. 
deep, 

Solution: Pressure at 5 ft 

=5 ftx62.5 E xg 
Doundals Ib, 
312g = 3125 zm 

The other values are double and 

‘three times this value. 
[ Note: Since the Pressure increases w 


ith depth, the" dam must be thicker 
towards the baie to withstand the higher Pressures. See the appénded fig, ) 


The c.g of the submerged surface of the dam is 10 ft below the water level. 
Thrust = average pressure Xarea 


= Pressure at a depth x of 10 ft of water x area 


lb. 3 
=10 ftx 62.5.7. xe x (40 ft x20 ft) . 


710x625 Ent x 800 ft? MS 0 ton wt. 
722232 tons dE d 


b ME s 


| 
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Ex. II-44, How high mast a liquid be poured in a cylinder such that, it exerts 
equal ihru:ts.on the-base.as well as the walls ? CEL T. 79) 

Solution; . Let the. radius of the cylinder be r and the required liquid height 
inside it be h and liquid density be p. Then . 

The thrust on the base=/pgXzr’ and on walls Yhog x 2rrh. By question 
they are equal, This happenes when h=r. “ 


11-410. Pascals Law of Transmis:ion of Fluid Pressure: 


Pressure, applied anywhere to a mass of confined liquid is transmitted 


undiminished throughout the mass of the liquid and to the walls of the 


container. 


A. Deduction: This was arrived at by Pascal from the fact that 
pressure within a/mass of a liquid at rest is exerted equally in all 
directions and depends only. on, density, of the liquid and depth of 
the point Let us consider a confined fluid, at rest. If at any 
point pressure is increased, for the fluid to bs, at rest it must rise 
equally in all directions ; or. else the, fluid will be moving, and not 
be at rest, f { 

The law applies equally’ to both liquid and gases. As it has 
nothing to do with weight, Pascal's law remains valid in weightless 
conditions e.g in a freely falling lift'or an orbiting satellite. 1 


B. Demonstration : (1) Make à hole in a rubber ball and fill it 
up entirely with water, Now close it with a finger, make a number of 
punctures on the ball with, pin-pricks and press the ball hard with 
two fingers. Water will spurt out through all , | 
the holes equally and. normally. Press harder, 
force, of spurting increases, water spreading 
out further but again equally and normally. 

(2) ‘A’ syringe’ with a long barrel and 
plunger'endieg in a perforated spherical bulb 
is filled "with; water Fig. II-418(a) | As the 
plunger is pushed in water shoots out equally © 
from salk holes» normally;> This shows that. 
the pressure applied to, the piston has been») 
transmitted: uniformly throughout the water... (5 

C. Proot ; Let us have'a globular vessel as shown in Fig..II-4. 18(b). 


Fig. TI-4.18(@) 
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with a number of radial tubular’ outlets A; B, C, D' of which the 
cross-sectjons are «, 2«, 34 and 4«. The 
ves:el is full of water and each outlet 
closed with water-tight pistons. Let the 
piston in A be pushed downwards with 
a force F downwards, when all the other 
pistons "move out, Jf these others are 
fitted with pressure gauges and prevented 
i » from moving the gauges will read 2F, 3F 
Fig. 1:-4.18(b) and 4F respectively. 


D. Principle of transmissibility of pressure : (1) Hydrostatic 
bellows. A simple apparatus designed by Pascal, illustrates the 
principle of transmissibility of pressure in 
a liquid. A stout bladder or leather 
bellows filled with a liquid (water) has a 
vertical tube attached to it (Fig. I!-4.19). 
The liquid stands at the same height in 
both, When a load is placed on the 
platform attached to the bladder (or 
leather bellows), the liquid in the tube 
rises some distance and balances the load. 
The condition for balance is hydrostatic 
pressure in the tube=pressure in the 
bladder (or bellows). If « is the cross- 
sectional area of the bellows, W the 
weight on it, and h the height of the liquid in the tube above the- 
liquid-level'in the bellows, then 

hpg = W/«. 

If « is big enough, a small height of liquid.in the tube will be 
enough to support a large weight. Suppose. the platform. has a 
diameter of 30 cm. A heavy man , weighing 70 kg,. can be balanced 
by a height of about only. 1m of water in the tube, 

(2) Bursting a Cask. ` You can burst open a large: wooden »cask 
or barrel strongly strapped by metal or leather thongs.. Make a. hole 
at its top, fill it with water, attach a very long tübe to tlie hole and: 
then just go on pouring water in it)» The cask:does not burst. with the 


Fig. II-4.19 
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water it contains which is large, but a much-smaller amount poured 
in the pipe does it. It'appears paradoxical, ^T j 

In fact pressure "hog at the top hole is transmitted everywhere and 

| multiplied by the wallarea, developes a thrust mighty enough to 
break open the cask, — Sfouter the cask, Jonger the pipe you require, 


II-4 12. Multiplication of Thrust: The above two appliances 
show you that : 

(i). Liquid pressure is transmitted undiminished and also 

(ii). Acting on large areas develope large thrusts, 

This is further exemplified in a very useful appliance the Hydraulic 
Press also called Brahma's press after the inventor. 


A Principle of application of Pascal’s law:to the Hydraulic press. 
With the help of Pascal’s law a small force can be transformed into a 
large one. Consider the arrange- 
ment illustrated in. fig. I1I-4.20(a). 
It is à confined body. of liquid 
connecting two cylinders, . fitted 
with pistons of tareas a and A 
respectively, If .a . force fosis 
applied to. the smaller piston, the 
increase of pressure on the liquid 
will: be, f/a. This . pressure, / Fig. 11-4.20(a) 
transmitted. undiminished by. the 
j liquid, will act on the larger piston and give rise to a force F=A xJla. 
The force f is thus multplied.. bya, factor A/a, Jf a—lcm* and 
41000 cm?. a. force. of 1 kg appled to the small piston will cause a 
force of 1000 kg to be applied to the large piston, di thal 

Magnification of the force does not violate the principle of connerva- 
tion of energy. The. liquid may be treated as incompressible, If fis 
lowered through a distance s,, the work done on a is fs,, The volume 
which the piston a sweeps out is ası. This volume of water transferred 
to the wider tube, If F rises through s, thereby, it does Fs, amount 
of work, and sweeps out’a volume 45;. Gincevas, = 45, for water is 
incompressible and f/a=F/A, We get, by’ multiplication, (as) (fa) — 
(4s, (FJA) or fs,—F5,. Hence the work done on the liquid is equal 
to.that done by i.e. recovered from the liquid. OR ant 
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B. Hydraulic Press. The above principle is employed in. the 
hydraulic press a machine used. for. many purposes, such as 
compressing bales of cotton, jute etc., punching holes through metal 
plates, pressing metal sheets into shape, testing strength of iron beams, 
extracting oil from seeds etc. 

Fig. II-420 (b) represents 
diagrammatically a hydraulic press 
in section, As the small piston p 
is raised, oil from the cistern C 
enters the piston chamber through 
the valve v. As soon as the 
dcwa-stroke begins the valve v 
closes and: the "valve: v' opens. 
The ‘pressure applied on p is 
transmitted through the tube K 
to the larger reservoir. "There it 
acts on the larger cylinder P. If 
the areas of cross section of p 
and Pare a and A respectively, 
and the force on p is f, then the 
force F acting on P is f x A/a. 

The lever L also helps in 


Fig. 11-4.20(b) 


{ Hydraulic press. P=pressure piston 
or ram; p=plunger; v, v’=valves; 
C=oil tank. A tube (not shown) with 
a drain cock (or release valve) connects 
the large reservoir with the oil tank. 


When a compression is over, the drain 
cock is opened and drains the oil from 
the reservoir. ] 


multiplying the force, For if f' 
is the force applied to the lever, 
and mis the ratio of its longer 


arm to the shorter arm, then f=mf’. So, by exerting a force f we 
get a force F2 mf'x A/a, The ratio F/f! 2mA/a is called the mechani- 
cal advantage of the machine; 

Hydraulic brakes used in automobiles; the dentist's' chair, the 
hydraulic jack which raises heavy loads or the garage-lift ^ which lifts 
automobiles, provide further examples of application of Pascal’s law. 


"Problem. (1) The cylinders of a hydraulic press have radii Í cm and 10 cm. 
respectively. The piston is attached to a handle 1 m long at a point? 10cm from 
the pivot, which is.at one end. What force, must be applied.to the end of the 
handle for the press to exert a force of 1000 kg? +: (Ans. 1 kg-wt.) 

(2). The diameters of the pistons of a hydraulic press are 1" and 1. A force 
of 56 lb is applied to the Amalie d one. mys force i is developed on the larger ? 

(Ans. 8064 Ib £.) 9 [ H. S71 Comp. ] 


Is 


"ARCHEMEDES PRINCIPLE 
AND FLOATATION 


II-5.1. Archemedes Principle : . You all know the famous story 
of a king's gold crown, its maker a cheat, found out by Archemedes 
who found experimentally that (a) a solid immersed in water displaces 
its own volume of the liquid and (5) the solid feels lighter under water 
and deduced that a force equal to the weight of the displaced water 
pushes the body upward, This is the Principle of Archemedes 

Statement: A solid immersed wholly or partly in a liquid at rest 
appears to lose a part of its weight which is equal to that of the 
displaced liquid. The principle holds also for gases for they are also 
fluids and get displaced to accomodate any solid. Hence a more 
general statement of Archemedes Principle will be— Wer pi 

When a solid is submerged in a fluid, an upward force equal to the 
weight of the displaced fluid acts upon it. 

The ascent of balloons or what we call a *fanoosh? or soap bubbles 
is governed by this principle Since “weights of solids and fluids 
are involved, Archemedes Principle is invalid in weightless conditi ons 
like freely falling lifts or orbiting satellites unlike Pašcaľs, Law. 

Let us return to a solid immersed i in a liquid, 

If the weight of the body in air= W gf 
and its weight in liquid=w gf 
then the apparent loss in weight =(W—w) ef 
By Archemedes Principle bs "d 
Wt of the-liquid displaced by the solid = (W — w) gf 3 

This weight of the displaced liquid actiug upwards i.e. exerting a an. 
upthrust is called the force of buoyancy. It is because of this that the 
solid appears to lose a part of its weight when submerged i in a fluid. 

The. term Buoyancy means both this apparent | oss in weight and 
the force of buoyancy as well. 

A. Demonstration : (1) Suspend a “large piece of solid (preferably 
g'ass or aluminium ie. of lower density and so larger volume) from 
the hook of a spriog balance and note its weight (fig. IL-5 1). 

Take an overflow can fill it up with water and collect the overflow 
in an weighed empty beaker and throw the water away, Now replace 


110 PROPERTIES OF MATTER 


the gno beaker below the spout and carefully lower the solid into 
the water till completely immersed. 

Record the apparent weight as indicated by 
the spring balance and weigh the water 
collected in the beaker, The latter will be 
found to be equal to the difference of the 
weights of the solid in air and that of the 
water collected, 

Instead of the weighed empty beaker if you 
Collect the overflow in a measuring. cylinder, 
you get the volume of water displaced. The 
solid here shown, is of a regular geometric 
shape and you can find its volume, It will 

Fig. II-5.1. be the same as that of the overflow, 

In fact, the volume of any irregular solid is measured thus, by 
an overflow can and a measuring cylinder—a bonus from Archemedes 
Principle, 

(2). Bucket and cylinder experimet (fig. 11-5.2) requires a solid 
metal cylinder (B) filling exactly in an open 
one, the bucket A. A carries a hook from 
which B can b: suspended below and another 
by which it itself can be suspended from that 
of the spring balance, above, Thus the inner 
vo'ume of Ais eqvalto the outer volume 
of B. Bcan be accomodated within A or 
else withdrawn and suspended below it. 

Suspend the cylinders from the spring 
balance and record the weight B when 
attached to the bottom of A as in fig, II-5.2, 
Lower, B next into a beaker of water so as 
to be fully surrounded by water, Record the 
apparent weight as given by the spring 
balance, 

Carefully pour water into A, When it is full, 
note that the initial reading of the balance 
is restored. This shows that the apparent loss Fig. 11-52 
in weight on immersion is equal to the weight of the displaced liquid, 
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B. Derivation: Let a rectangular parallelepiped of dimensions 
lxbxd be immersed in a liquid at rest with its top and bottom 
surfaces horizontal Let the upper surface be ata depth h below the 
free surface of the liquid which puts the lower surface at a depth of 
h-- d below the same (fig. TI-5. 3). 4 


The liquid exerts normal. thrusts on all the six surfaces exposed 
to it and so on the opposite faces they act in opposite directions, 
Obviously the forces acting on the vertical faces point by point cancel 
out but not so those on the horizontal faces. 


If the liquid be of density p then the pressure on the top surface: is 
hpg and the force hpg.Ib (pressure xarea). Similarly pressure at the 
plane of its bottom surface. must 
be (h--d)eg. Hence the. upward 
force on it (h--d pg.lb 

Net upward force onthe 
parrallelepied will be 
Ib(h+d)pg 4 — Ibhog 
= bd. pg -V»g =m'g 
since [bd is the volume of the : 
immersed body and hence also of Fig. II-5.3 
the displaced liquid and m'g the weight of it, Thus the total upthrust, 
the force of buoyancy exerted by the liquid on the solid equals the 
weight of the liquid displaced, This force on the body acting upwards 
diminishes its weight and makes it appear lighter by this amount: 
Thus the apparent loss in weight of the body equals the weight of 
the displaced liquid. 

Center of Buoyancy. This is the the point where the force of 
buoyancy acts, This must be the center of gravity of the displaced 
liquid. For, let us replace the ‘body in the figure above by the 
liquid itself, Then the weight of the displaced liquid. is the same 
as that of the liquid parallelopiped, -As the liquid is at.rest the two 
forces must balance each other, So the buoyancy acts upwards at 
the C. G. of the displaced liquid. 8 baziate 

C. Loss in, weight is apparent but not real. For, the weighti is the 
pull exerted on a body by the eartü, -It.cannot change inspite. of 
immersion of the body, as gravity acts independently: of medium, 
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Immersion only introduces a new force that‘of buyancy acting upwards, 
Thus the resultant vertical-force on it changes, not the true weight, 


D. Reaction to the Force of Buoyancy : , This force is exerted by 
the liquid on the body, so by Newtou's third law the body exerts an 
R equal and opposite force on. the 
"liquid. "This can be easily 
demonstrated, Place a beakerful 
of water on one pan of a balance 
(Fig 1I-5.4) and counterpoise it. 
Hold a stick in your hand and 
< push one end'of it in water with- 
out touching any side, Note that 
the equilibrum is disturbed ‘and 
the pan carrying the beaker gets 
Fig II-5.4 depressed, While the | water 
buoys up thestick, it applies an equal and Opposite force on the 
liquid which is transmitted to the bottom of the beaker and to the 
balance pan. We next consicer two particular cases, 

(1) On one of the balance-pan place a beakerful of waler and an 
insoluble piece of solid, Counterpoise them. Now pick up the solid 
and suspend it from the hook of the balance so as to immerse in the 
water of the beaker but touch no sides. We know that the solid 
would become lighter yet the balance isnot found to be disturbed. 
That is because the solid reaets with its lost weight on the beaker 
base and thereby preserves the balance. 


27 
A " 


Problem : A boy walks with a bucketful of water in one. hand 
and a fish in the other, If he drops the fish in the bucket will he feel, 
lighter? ^ do (d. E, E. ) 

No. he will not. . The reason is ds set forth above, 

(2): Let a beakerful of water on a balance pan be counterpoised. 
Now suspend in it a large piece of water-soluble solid! As Teasoned. 
above, tlie balance will be disturbed and the pan with the beaker will, 
be depressed (the reaction of buoyancy), ' But With time the depress- 
ion will diminish’ somewhat: butinot'tòtallysso, As: more ahd more 
of the solid dissolves, its:volume diminishes and so does the buoyancy 
and its-reaction. 3goboi Jon: wai a ;vbod: s f 


Nl 
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Example II-5.1 : A weighing machine reads 700 gf when a beaker 
of water rests onit. A piece of glass (02.5 gicc) hang from a 
spring balance which reads 50 gf. Find the readings om both the 
instruments when the piece is lowered into water, 


Solution: Volume of glass piece-50/2.5 cc-20 cc. Vol, of 
water displaced, Then the loss in weight should be 20 Bf with the 
glass piece in water, 

Spring balance should read (50 — 20) 230 gf. j 

On the machine the downthrust as a reaction to this buoyancy 
would be 30 gf. Then 

The weighing machine should read (7004+30)=730 gf, 


Ex 11-5.2 | A buoy 1000 litres in volume weighs 950 kg. It is held 
immersed under sea-water of sq. gr 1.02 by a light chain, Find the 
tension on the chain. [ H. S. Comp ’63] 


Solution : "Tension z Wt of displaced sea water — wt of the buoy. 
= 1000 litres x 1.02 kg/litre —950 kg-wt < 
=70 kgf ; 


Ex. IL5.8 A cork piece (P=0.8 glec) is taken under water. 
Show that it would accelerate upward with g/4 when released, 
: [H. S. Comp ’65] 
Solution : Upward resultant force — Force of buoyancy —wt of cork 
=F pg-—Veg-g(Vx a 0.8) 
1 ion Fore, gVx0.2 4 
..  Upward accelaration = más PROT 3/4. 


Ex. II-5.4 A balance beam remains horizontal with two bodies 
suspended from its two ends and fully immersed in water, One has a 
mass of 32 g and density 8 g/cc. Find the mass of the other if that 
has a density of 9 g/cc, [C. U.] 

Solition: Their apparent wts are equal. The volume of the 
first is 32/8 =4 co, So its apparent weight is 32—4—28 g. That of 
the other one must be the same, If m be the required mass then the 
volume must be m/5 cc, ; 


m-$-28 g or me35g 


Ex. 1155 A stone of density 2.5 glec just under surface of water 
is allowed to sink from LA Find how far will it sink into sea » E 
Neglect friction of water, g=980 cm|s*.. Density of "LT *69] 
1.025 g/cc, y D oe hk 
in its weight 
Solution : Let V be the volume of the stone, Then its weigh 
is Vx25xg dynes and the weight of displaced sea water 18- 
Vx 1.025 xg dynes, So its apparent weight is Í 
Vg(2.5— 1,025) dynes 4 
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Hence the acceleration with which it seven is 
FV e(2.5= 1,025) _ 1.02 
aer OE =e(! *5 

Hence the depth to which it sinks from rest is 

d=4ft® = 3.2)? x 980(1—0.41) 
=2x 980 x0,59 cm 11.56 m. 

Problem : A body of density d is gently dropped on a liquid of 
` depth H and density p. Show that is reaches the bottom after a time 
interval given by 
t= /2Hd/g(d—p) x [Pat. U.] 

Ex. Il-56 An oil-drop rises through water with acceleration «.g 
where « is a const, Find the sp. gr of oil neglecting the friction 
of water. [J. E, E. 76] 


Solution: let the volume of the oil drop be V and its weight 
DEM of displaced water is Vg. Then the upward acceleration 
willbe =- 

F _Vx1xg—-Vpg 
m Vp 
j-i« or Pi 

Ex. II-5.7. Three substances P, Q, R of which. one is an alloy of the 
other two, weigh 16, 20 and 22 g respectively in air and 14, 18 and 
20 g respectively in water, Which one is the alloy and what are the 


- al - 1 =x«g (given) 


weights of the other two metals in it ? (J. E. E. '81] 
AH 106.7» 4:20 ` 
Solution : Now Pom ig aT Po= 55487 10 
22 
ri ca» E37; a 


P here representing the different sp. As we find b 
intermediate between the two it fruit be M alloy. . in 
(à M P gi hn xg S Pin the alloy when that of R must be 
—x)g. e volume of P in the allo be 
- of R must be (20— x)/11 cc, dini Reh ches ar 
Again the volume of Q is (20— 18)-2 cc, Thus 
x,20-x 11x-F160 — 8x 
CR GaN IRR T7 QR 
<. x=5,33 g= Quantity of P 
and (20—)2 14.67 g= Quantity of R - 


‘Problem : Three: ingots of gold, silver, and their alloy are of 
equal weights, If the gold loses 14 g in water, silver (p= 10.5 g/cc) 
loses 26 g and the alloy 18 g, how much gold in proportion by weight 
is in the alloy and what is its density ? (Ans, 2/3; 15.17 g/cc) 
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1I-5.2.A. Density. By density of a substance is meant its mass per 
unit volume, In the mks system, the unit of density is 1 kg/m® ; in the 
cgs system it is 1 g/cm? and in the fps system it is 1 Ib/ft*, Measure- 
ment of density of a substance involves finding the mass and 
the volume of a body made of the substance, These can be done 
in various ways, 

When densities of substances are expressed in different units, we 
cannot immediately say which of them is denser (i.e, contains more 
mass per unit volume) without converting the values to the same 

- system of units, But if we know the ratio of a density to the density 
of some standard substance, we can immediately understand from two 
such ratios which of the two substances is denser without any 
reference to any system of units; Remember that, a ratio of two 
quantities of the same kind is independent of units and is a pure 
number. Such a ratio is called the specific gravity of the substance, 
Generally, water at its maximum density ( about 49C) is taken as’ the 
standard substance (p= 1000 g/litre) with which to compare the 
densities of solids and and liquids, For gases the standard ‘substance 
is hydrogen at N. T. P, (9=0.09 g/litre).  This'is why though sp. gt 
of nitrogen is 14 and that of iron 7,8 the latter is not lighter and does 
not float in the former, 

Note: Jn modem scientific writing the term ‘specific gravity’ is 
no longer preferred, The term used in its place is relative density. 
The word ‘specific? in modern scientific writting is used to mean ‘per 
unit mass. Examples are specific volume, ‘specific latent heat’, 
‘specific heat capacity’, etc. However, as the syllabus mentions 
‘specific gravity’ we shall be using it. ] 


B. Specific gravity. Specific gravity of à 

the ratio of the mass (or weight) of a volume of the substance to the 
mass (or weight) of an equal volume of water at its maximum density.* 
This is the same as the ratio ofthe density 5, of the Substance 
to the density p, of water at the temperature at which it is densest 
(i.e. about 4°C) For, let V. be the volume of the substance, Then 
the specific gravity S of the substance is given by 

eights of same volumes (mg/m'g) 


substance is defined as 


* Relative density is a ratio and ratio of w 
of two substances is equal to the ratio of. two masses. 
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ge Mass of volume V of the substance _ Vis _ Ps (11-5.2,1) 

Mass of volume V of water (at 4°C) Vpw Pw 

In the mks system £,,— 1000 kg/m?, 

In the cgs system Pu= 1 g/cm*, 

In the fps system Py = 62:4 ]b/ft*, 

It appears from these relations that in the 

mks system, p, S x 1000 kg/m? ; 

cgs system, p,— Sx1 g/cm® ; } (11-5.2,2) 

fps system, p,=Sx 624 Ib/ft*, 

Only in the cgs system, the numerical values of p, and S are the 
‘same. p, for gold is 19.6 g/cc ; convert this value in mks and fps 
systems, 

From the definitions of density and specific gravity you must have 
understood the difference between the two quantities, Densities are 
expressed in mass units per unit volume, while specific gravity is a 
pure number. 

When we say then that density of brass is 8.4 g/cc we mean that 
one cc of brass weighs 8.4 g, one cubic meter of it would weigh 8400 
kg and one cu ft ef it as much as 514.16 lbs, If we say instead, 
that Specific gravity or Relative density of brass is 8.4 we understand 
that it weighs 8.4 times as much as water of same volume, 

Relative density or specific gravity of nitrogen is 14 or that 
of Oxygen 16, does, not indicate that they are denser than brass but 
they are that much heavier than hydrogen, the lightest of substances 
known, of same volume but under the same conditions of pressure and 
temperature. 

1I5.8. Applications of Archemedes Principle: In the 
laboratory, we use this principle for determining volumes of bodies 
and specific gravities of substances, as also the proportion of (wo pure 
metals in an alloy, 

The ascent of balloons is an application of this principle, 

All cases of floatation are determined by this principle, the most 
spectacular being that of submarines, 

Buoyancy forces are very important to many marine and fresh- 
water animals, Many sea animals have gas-filled chambers and gas- 
filled spongy bones which make their density the same as that of 
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sea-water, This makes quick movement very easy for them, Some 
have a gas-filled bag, called a swim bladder, whose volume they can 
vary. Squeezing the bag, the fish makes itself heavier and sinks, 
Some have a control valve to adjust the amount of air in the bladder, 
Ease of adjustment to various depths in water is a great boon to 
marine life. Cartesian diver, a toy ( sII-5.8F ) illustrates this sort of 
working. The principle on which the adjustment is made is the 
Archemedes’ principle, Submarine is a practical application of the 
Cartesian Diver. 

A. Application of Archemedes principle to determination of 
volume. Archemedes’ principle states that when a body is weighed 
(i) in air and (ii) when fully immersed in water, the difference 
between the observed weights is equal to the weight of the water 
displaced by the body. 

If the weight of the body in air = W ge 

its apparent weight when fully immersed in water —w 8, 

then (W —w) g— weight of the water displaced. 

Now, the weight of 1 cm* of water is equal to the weight of a one 
gram mass. " 

-. Volume of water displaced - (W.— w) cm*. 
But this is also the volume of the solid. 
-. Volume of solid — (W — w) cm°. 

Ex. IL5.8. A body weighs 20,52 gin air and 1248 g in water. 
Find its volume, density and specific gravity. 

Solution : ° Weight of displaced water 20.52 — 12.48 —8.04 g. 
The volume of this water is 8,04 cm?, -This is also the volume of 
the solid, 

Hence density of solid= 20,52 g-- 8.04 cm* =2,55 g/cm", 

Specific gravity — 2.55. d 

Ex. 15.9. What will the above solid weigh in kerosene, of which 
the sp. gr. is 0.8 ? 

Solution: Volume of solid—8.04 cm*. Weight of displaced 
kerosene = 8,04 x0:8—6.43 g. Hence loss of weight in kerosene 1s 
6.43 g, and apparent weight in kerosene is 20.52-6.43= 14.09 gu. 


*Mas and weight are of course different quantities, But in expressing a weight 
we often use the unit of mass when the sense is clear. «Thus it is generally 
accepted that we may write g (gram) to mean gf (gram force) or g-wt (gram 
weight) in clearcases. This practice of course violates use of proper unit sy mbols. 


But it is in use to a fair extént. 
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B. Specific gravity of a substance relative to any liquid and 
to water. From Archemedes’ Principle 
| "the weight of a body in air= W g, 
its weight in water =w g and 
its weight in a liquid =w g. 
Let the density of the liquid be ^g/cm?. Then p^is also the 
specific gravity of the liquid relative to water, 


The sp. gr. of the body relative to water =s = To" (11-5.3.1) 
"The sp, gr. of the body relative to liquid=s’= Pog. 00532) 


(Ww) g is the mass of the displaced water and 
(W—w’) g is the mass of the displaced liquid. 
Both masses have the same volume, the volume of the body, 
Then (W—-w^)/(W— W)- p^ 
wW W W-w ^ 
be = a $e = TI-5,3.3 
"OW. Wow Wo, ( ) 


or specific gravity relative to water (s)=sp, gr. relative to a liquid 
(s^) x sp. gr. of the liquid (o^) itself, 


Ex. H-510. A body weighs 100 g in air and 60 g in water, What 
will be its weight in kerosene of Sp. gr. 0.8 ? What is the sp. gr. of 
the body relative to kerosene ? 


Solution : Volume of displaced waterz 100— 60—40 cm*, This 
is also the volume of displaced kerosene, Weight of this volume of 
kerosene is 40x0,8=32 g. Hence weight of the body in kerosene is 
100 —32= 68 g. and sp, gr. relative to kerosene is 100/32 = 3,125 


Ex. I-5.11. A body weighs 300 g in air and 270 gina liquid of 
sp. gr. 0.9. How much will the body weigh in water ? What are its 
volume and sp. gr. ? 


. Solution ; Volume of the body in cm? = Volume of the displaced 
liquid = (300 — 270) 8/0.9 g/cm? 233.3 cm*. In water it will weigh 
33.3 g less than in air, Its sp. Br. =its mass in air/mass of displaced 
water = 300/33.3 =9, 


-Ex. 1-512, When equal volumes of two substances are mixed, the 
resultant sp. gr. is 4,84 and when equal weights: of them are mixed the 
sp. gr. becomes 2.08. — Find the individual speci fic gravities. 
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Solution : (a) Let the volume of each be V, their weights W and 
W^ densities p, and 24. 


" 7 " fiot? 
NEM ALIA nl ceto 
Py, Pa PitPs Total volume. |. 2V 
i ee E Ji 
— We WP. o) =}(P1 +Pa)=4.84 or P1 +P,=9.68 si) 
(b) Here the total weight -2W 


NACE 
VitVs (WiPs)+(WiPs) Pits 
s. 20,0, 2.28(ps F Pa) = 2.28 x 9.68 
Now, (P, — Pa)” =(P, +Pa)” — 40,0,  (2.68)* —4.56x 9.68 
or p,—p,7 1.16 LTM £N) 
p,-—842 p, 51.26. fu 
C. To determine the proportion of two pure metals in alloys. 
Let m, grams of a metal of density p, form an alloy with m, 
grams of another metal of density p,. Assuming that the volume 
remains unchanged on alloy formation, the volume V of the alloy Is 
V=(m,/P,+m,/b,). Tts density is 
po (mi +m) V= (m, 3 ma) (mP erts /P 5) | i 
The proportion n of the first metal to the second in ‘the’ alloy is 
n-m,[m, Dividing both numerator and denominator of the last 
equation by m,, we get 


pz Vemm) ll. n+l 
m,Im,)K(Ps t ljpa) "(Ps t 1/P) 

If p, and p, are known and we determine p of the alloy using 
Archemedes’ principle, we can find n from this equation, You should 
recognise that this was the original problem passed to Archemedes by 
his king Hiero, ; 

Ex. IL5.13. A crown of gold with silver as impurity weighs 200 g. 
When dipped in water it weighs 185 g.i Find the amount of gold and 
silver in the crown if sp. gr. of gold and silver are respectively 19.3 
and 10.3. [Visva. U. 

Solution: Let the amount of gold be x g. That of silver would 
be (200—x)g. Their respective volumes would be x/19.3 and 
(200 — x)/10.3 and so the volume of the crown would be their sum. 

Since the crown when weighed in water loses 15 gf, the displaced 

water must have a volume of (15 g/1 g/cc) 19 cc... , 


x ,200—Xx 2 
p^ 1953* ae 
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0 x=97.57 g=the wt of gold, Then that of silver 
=200—x= 102,43 g 


Problem: The crown of Hiero weighed 20 lbs, Archemedes 
found it to lose 1.25 lbs in water, Find the amounts of gold and 
silver if their sp, gr, are 19.3 and 10,5. 1 cuft of water weighs 
62.5 lbs, Ans 15°08 Ibs 4.92 lbs. (Dac. U.] 

Ex. 11-514. A silver (9=10.5 g/cc) ornament suspected to be 
hollow, weighs 288,75 g and displaces 30 cc. of water. - Find the 
volume of cavity. ` [P.U ] 


Solution: Volume of the material of the: ornament — 288.75/10,5 
=27,5 cc, But its outer volume is 30 cc, © So the volume of cavity 
230—217,522.5 cc, 


Ex IL5.15. The densities of three liquids are in the ratio of 
1:2:3. Find the relative densities by combining (a) equal volumes 
and (b) equal weights of them. [Gau. U. : CU] 


Solution: Let the densities be p, 2p and 3p. 


(a) If the volume V of each are mixed, provided no change in 
volume occur, the total volume will be 3V, If p, be the resultant 
density then the mass of the resultant mixture is 3Vp, 

The individual masses of liquids are Vp, 2Vp and 3Vp 

So 3Vpp=Ve+2Vp+3Vp or p,—2p 


If W be the wt. of each liquid then the total weight is 3W 
and the total volume 3V/p,, 


a AE whence p, — 1.64 (nearly) 

1-54 Principles of methods of determining specific gravity. 

Specific gravity (s) is relative density, that is, 
s. density of the substance weight of a volume V of the substance 

density of water at 4°C weight ofthesame volume of water at 4°C 

So, to determine s, we have to weigh the same volume of the 
substance and water. In the cgs system the numerical value of the 
volume of water in cm® is equal to that of the mass in grams, 

(i) We can use the balance and apply Archemedes? principle for 
measuring the masses of the same volume of the substance and water, 

(ii) For liquids, we can use a density bottle (also called. specific 
gravity bottle) to determine the masses of equal volumes of a liquid 
and water, 

The density bottle can also be used to find the specific gravity of 
a solid powder by partially filling the bottle with powder, 
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(iii) For liquids, there are other methods. 

i (a) Principle of balancing columns. One depends on the 

d hydrostatic pressure ‘hpg exerted by a liquid, If two liquid columns 

| balance each other, then h,P;g=h,Pog, OF Pap halhs. If p, is. 
the density of the experimental liquid and p, that of water, then 
S=P,[P,=hglhg. 

(b) We can also apply the principle of floatation. All hydrome- 
ters depend on this principle. Two types are in general use— 
variable immersion and ‘constant immersion type exemplified 
respectively in Common and Nicholson's hydrometers. : 

The different methods for determining s are thus found to depend 
on the following principles s— 


(1) Archemedes’ principle, using the hydrostatic balance, 
(2) Direct weighing by using density bottles, 

(3). Principle of balancing columns, 

(4) Principle of floatation. 

(d) Variable immersion, (b) Constant immersion, 


Fig 11-55 


Elucidation : (i) Hydrostatic balancé (fig. 11-5 5) is an ordinary 
balance with a small wooden bench sitting astride the left hand pan. 
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— The solid is suspended from the hook and counterbalanced, A beaker 
is next introduced on the bench such that the solid hangs freely inside, 
Water is now carefully poured in the beaker till the solid is well 
immersed and then counterpoised, Sp gr, is found by applying eqn 
1I-5,3.1, To find the sp. gt of a liquid, the same solid is weighed 
in water and the liquid and eqn II-5,3,3, applied, To find the Sp. gr 
of a soluble solid its sp. gr. w.rt. aliquid is found by eqn II.532 
and then multiplied by sp. gr. of liquid w.r.t water. To find sp. gr of 
a solid lighter than water, a sinker is used, 


(ii) Density bottle (fig 11-5,6,) is a stoppered 
bottle with a definite volume (25 ec, or 50 cc), It is 
weighed empty, then when filled’ with water and 
finally with the liquid... From. these the masses of 
same volumes of liquid and water are found and sp. 
gr of liquid determined, 


To find sp. gr of a powdered solid four weighings 
are required ; empty bottle (W,) partially filled with 
Solid (W3) the rest filled with water (W,) and finally 
filled only with water (W4). Then 


Fig II-5.6 


(iii) Balancing Columns are of two types namely (a) U-tube 
and (b) Hare's apparatus, The working principle hP =hspo is 
the same (II-4,7,1 ) in both ; but in the U-tube air pressure is not 
of any significance but the latter cannot Work without that pressure. 


for they are not in contact, 
But in’a modification shown in fig, IL4 12 (c) the U-tube 
can also be used to compare the densities of miscible liquids, The 


The two liquids are poured: till mercury stands at the same level in 
both arms, Then hyP—h.p, 
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(b) Hare’s Apparatus (fig II-5.7) is an inverted U-tube” with 


a side tube at the middle of the 
bend and connected to a short piece 
of rubber tubing and a pinch 
cock, The open ends of the 
limbs dip into two beakers with the 
liquids, Air is partially sucked out 
through the side tube when the 
air pressure on the liquid surfaces 
in the two beakers pushes up 
the liquids into the two arms to 
different heights inversely as to their 
densities, 


(iv) Floatation and | Hydro- 
meters: A. The common hydro- 
meter. 

It is a hollow glass chamber 
weighted at the bottom and has a 
graduated stem of uniform sectional 
area at the top (II-5.8a), When 


Fig. II-5,7 


Scott in a liquid it sinks until it displaces its own weight 


Fig, II-58 
alcohol etc, depends directly on their specific gravity. Hydrometers 


of the liquid, The lighter the 
liquid, the deeper it sinks 
before coming to rest, The 
scale attached to the stem 
is so calibrated that the 
specific gravity of the liquid 
can be read off directly at the 
point where the stem just 
projects through the liquid 
surface. 

The commercial importance 
of many liquids such as sugar 
solutions, . sulphuric ^ acid, 
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are extensively used to find their specific gravities, Some 
hydrometers are designed and calibrated for specific purposes, An 
alcoholometer will give the concentration of spirit; à lactometer will 
judge the purity of milk. A common use of a hydrometer is in 
testing the acid solution of the lead storage battery in cars, 


B Nicholson’s Hydrometer: The instrument has a hollow 
` cylindrical body (4 ; TI-5.8b) to which a thin stem B is attached, 
The stem carries a tray C on which weights (E) can be placed, — There 
is a small conical basket D at the bottom carrying lead shots fixed 
with wax, This keeps the hydrometer floating vertically. In using 
the instrument, weights are placed on C so as to immerse the 
hydrometer up to a fixed mark on B. It is therefore, known as a 
constant immersion hydrometer, and is always made to displace the 
same volume of water. 


Ex. 15.16. 5 ce of water is mixed with 7 cc of a liquid of Sp. gr. 
1.85 when the mixture attains a Sp. gr. of 1.615. Find the amount 
of contraction. [ C. U.] 


Solution : 17 cc of the liquid weigh 7 x 1,85— 12.95 g, 
Mass of the mixture = 1295--5— 17.95 g 
Volume of the mixture —17,95/1.615.— 1111 cc 
te Contraction =(7+ 5) — 11,11=0,89 cc 


Ex IL5.17. . A test tube loaded with shots weighing 17.1 g in all, 
floats in alcohol immersed upto a certain mark. Itis then placed in 
Water and 3.2 g more of shots have to be added to sink it upto the 
same mark, Find the sp. gr. of alcohol. [ Pat. U. ] 

. Solution: This is a Constant volume immersion problem like the 
Nicholson hydrometer, Wt of displaced alcohol is 17.1 g and that 
of displaced water is 17.1-+3,2 = 20,3 g. The volumes displaced are 
the same, 

Sp. gr, of alcohol = 17.1/20,3 =0,84 

Ex, T1-5,18, A tube Im long and 1 cm in internel diameter of 
mass 100 g weighs 150 8 when filled with a liquid. How much would it 
Weigh when full of water and what is the sp. gr. of the liquid ? 

[ Pat. U. ] 

Solution : The problem is that of a density ie 
The internal volume of the tube is 100 xxx (0.5) $2 78 Stee = 

So water in it would weigh 78,57 g : 

-. Sp. gr. of liquid =(150 — 100)/78,57 = 0.636, 


II-5.5. Floating bodies. According to Archemedes principle a 
body, even at partly immersed in any liquid, will experience an upward 
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buoyant force equal to the weight of the liquid displaced, The 
downward force on the body is its weight, When the two forces are 
equal, the body floats, We say that a body floats when it displaces 
its own weight of the liquid. When a floating body is placed in a 
liquid it will sink till it displaces its own weight of the liquid, If 
pushed further into the liquid, it will rise when released. When a 
body is unable to displace its own weight of liquid, it sinks. 


Floatation and density. Though we haye noticed above, that the 
differential weights of the body and that of the displaced liquid as 
determining between floatation and sinking, the essential factor is their 
differential densities. 

(A) Let a homogeneous body of density p be gently dropped in 
a liquid of higher density ^ie. p<p. The body starts sinking and 
displacing more and more of the liquid, "Thus the weight of the 
displaced liquid (W^) and hence the upward thrust of buoyancy grows 
till it equals that wt, of the body (W) and the body sinks no further ; 
part of it remains exposed above the liquid surface, Left to itself 
the body will come to rest and be in equlibrium, for the two forces 
W, and W^ act along the same line equally and oppositely and no 
couple would act on it, 

If the body is further depressed the volume of the displaced liquid 
W'exceeds W. An additional downward force (W'— W) is required 
to hold the body in that position. If released, this force pushes the 
body upwards», and is proportional to the additional immersion. So 
the body ascends, executes S.H.M. for sometime (fig. III-1,5) before 
coming to rest ; when at rest it maintains the condition of W= w. 
A piece of cork or wood in water behaves thus. 


(B) Let the density of the homogeneous solid be equal to that of 
the liquid ie, 920^ Then it will displace its own volume of the 
liquid before the condition, W= W reached, Thus it must be fully 
submerged for Veg=(W) equals Vo'g=(W’). However it will be at 
rest anywhere within the liquid. Its apparent weight is zero anywhere 
within the liquid. A drop of olive oil in a suitable mixture of water 
and alcohol behaves thus, 


* See example II-5.3 under Buoyancy. 
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(C) The body does not float but continues sinking when WW! 
i.e. pp for then Vegz-Vp!g. [See Ex, II-5,5 and the assosciated 
problem], Remember this is no case for condition of floatation but the 
foregoing two are. A piece of iron or most of the metals sinks in 
water but floats in mercury, Li, Na K, etc. are however lighter than 
water though metals, and so float in it. 

Equilibrium of Floating bodies. Resultant force and couple on 
a body must be zero for a body to be in equilibrium, Hence, not 
only the wts of the body and the displaced liquid must be equal but 
they must be collinear and act oppositely. If they are not collinear, 
a couple would result, So we have— | 

Conditions of floation: For a solid to float on a liquid 

(i) its wt, must equal that of the liquid displaced (no resultant 
force) ` j 
(ü) the C. G. of the solid and that of the displaced liquid must 
be in the same vertical line (no resultant couple) 

For stability of the floating body, C,G. of the solid must be 
below the center of buoyancy i. e, the C.G. of the displaced liquid, 

— Stability of a floating body : Fora floating body to be in stable 
equilibrium the forces acting on 
it must provide a restoring torque 
when it is disturbed, same as for 
bodies resting on a plane surface, 
In floatation the torque results 
from W, the wt of the solid and F 
the force of buoyancy. In 
Fig 1I-5.9 these two form a couple 
Fl tending to rotate the body 
Fig. II-5.9 back to its undisturbed position. 

_ When a floating body is Slighily displaced about a horizontal axis 
without changing the volume of the displaced liquid, the point where 
the vertical line cuts the straight line joining the C.G, of the body to 
the original C.G of the liquid, is called the meta-center or center of 
buoyancy (M in fig TI-5,9), 

-For equilibrium the metacenter or center of buoyancy ie. the 
C. G. of the displaced liquid and the ©. G. of the immersed solid 
must lie in the same vertical line, 
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For stable equilibrium C, G, of the body (G) must lie below the 
center of buoyancy (B) as shown in fig. II-5,10(a) depicting a floating 
ship. 

If the ship heels over ( fig II-5,10b ), B shifts position and iA ‘the i 
lever arm increases in length, So long as B is above G and J” does not | 


Md du. Nass sos 


—— t. ———- 


epo! nel septs ee 


Fig. II-5.10 


vanish the ship rights itself, But if she is loaded heavily with to 
on. the deck, G may rise too high and as shown figure (b), the couple 
tends to capsize the ship, This state of affairs hold however, for calm 
seas and ‘rivers, Hence, for stable equilibrium the “mneta-centre 
always stay above the C. G of the floating body. 


II-5.6. Some Relations in connection with Floatation. 

A. If for a body of volume V floating in a liquid of density [A 
the immersed volume is y then the liquid exerts an upthrust vog. By 
the law of floatation, the wt of the body — wt of displaced Nn. 

or Vegevpg or v|V-P|p' 

je, Immersed volume of the body _ Density of the solid (11-5.6.1) 

Total volume of the body Density of the liquid 
B. Let V be the volume of a floating body of density (or specific 
gravity) p. Let n be the fraction of its volume immersed in water 
` when the body floats, Then its weight is Veg and the weight of the 
displaced water is nVg, all in consistent units. 
4 Veg=nVg or pen as, 6.2) 
If the liquid in which it floats has a density p^, we shall have 
Ve g=nVP°g or: pane (11:5. 6.3) 
The result may be expressed in words as follows § 
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Jf a solid floats in a liquid with a fraction n of its volume immersed, ` 


then the density (or the specific gravity) of the solid is n times that of 
the liquid. [ Iron hasa lower density than mercury, So iron floats 
on mercury with a fraction of its volume immersed. ] 


Ex. 11-5.19 Ice has a specific gravity of 0.917. What fraction of 
its volume will emerge out of water ? 

Solution : If Vis the volume and a fraction n is submerged, then 
Vx0.917=nV or n-0.917. The emergent fraction is (1— 0.917) 
= 0,083 (nearly one-twelfth), ~ 

Ex. II-5.20 If the emergent volume of an iceberg (sp. gr.=0.917) 
is 1000m?, how much of it is below sea-water (sp. gr = 1.028) ? 


Solution : 1f V m? is the volume below the surface, then 
Vx 1.028 — (V-4- 1000) x 0.917, whence V — 8261 m°, 


Problems. (1) A piece of wax of volume 22 cm? floats in water 
with 2 cm? above the surface, Find the weight and specific gravity 
of the wax. [C.U.] (Ans. 20 g, 10/11) 

(2). A, block of ice weighing 1000 kg is thrown into the sea. 
Determine the volume of ice submerged. The density of ice is 0.917 
g/cm® and density of sea water is 1,03 g/cm?, [Ans 9°71 105 cc] 


C. Let J, and /, be the lengths to which a cylinder of cross- 
section A sinks in two liquids while floating in them, Let p, and p, 
be the respective densities ot the liquids, By Archemedes' principle 
‘the weight of the cylinder would be : 

(0 Wedhpy= Alp, or, Saal, (11-5.6.4) 
1 2 

Now, if p, and /, refer“ to values for water, P/P, is the specific 

gravity of the other liquid. Hence we may say that 


The specific gravity of a liquid is equal to the ratio of the depth 
lz; to which the cylinder sinks in water, to the depth 1,, to which it sinks 
in the liquid. 


Ex. 15.21 A wooden cylinder of uniform cross-section is 10 cm 
long. It floats in water wtth ^2 cm above the surface. Ina salt 
Solution it floats with 3 cm above the liquid surface. Find the density 
of the sait solution. : 


` Solution : Let A cm? be the area of cross-section of the cylinder, 
and p, the density of the solution in g/cm?, Then the weight of the 
cylinder = weight of displaced water = weight of displaced liquid. - 
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Now, weight of displaced water=8A gwt. 
Weight of displaced liquid — 74p g-wt. 
'. 7Ap=8A or p-8[T. 
Ex. Il-5 22. In the above problem find how much of the: cylinder 
will be above the liquid surface when floating in a liquid of specific 
gravity 1.25. 


Solution : If x cm is the length sought, then (10—x) cm will be 
below the liquid surface, Hence 84=(10-x)Ax 1.25 or x= 3-6 cm. 


Problems (1) Sea water is 1,03 times as dense as fresh water, 


How many cubic metres of sea water will be displaced by a ship of 
total weight 5,000 tonne ? ` ( 1 tonne 100 kg. [Ans 4874 m°] 


(2) A large block of ice (density 0.9 g/cm®), 5 metres thick, has 
a vertical hole drilled through and is floating at the middle of a lake. 
What is the minimum length of a rope required to scoop Up a bucket- 
ful of water through the hole 7 (I. I T. 88] . (Ans. 50 cm) 

The average density of the human body is Very slightly less than 
that of water, When we breathe out air our body becomes smaller 
and so denser than water and we sinks But when air is inhaled the 
body becomes lighter than water, The art of swimming consists in 
keeping the head (which is heavier) out of water. Animals need not 
learn swimming, for their heads are lighter. 

The water of the Dead Sea contains so 
isso dense that one does not sink in it. 
water than fresh water, 


Problems. (1) A cubical block of wood of sp. gt.0°7 floats in 
water, just completely immersed, when a body of unknown weight is 
placed in it, Find the weight of this body, if the volume of the block 

[An. 308] 


of wood is 100 cm?. 

(2) A piece of iron is placed on a piece of cork and the two 
together float on water in a tumbler, If now the piece of iron is taken 
off the cork and dropped into the water, will the level of water 1n the 
tumbler rise or fall ? : 


[ Hint: While on cork, the iron displac 
water, While in water, it displaces its own YO 
former is larger than the latter. Smaller displacemen 


rise in water level. ] i 
Ex. II-5.23. ll here of radius r and sp. £T. $ 
23. Show that a hollow sp f is less thon 3r/s 
* [Nag U. J 


: will float on water only if the thickness of its wa 


much salt in solution and 
It is easier to swim in salt 


9 


9 - T acre ns == 
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Solution. Let the wall thickness be x for which the sphere would 
just float, Water then displaced has a volume of gar’, 
Volume and mass of the material of the sphere are $a[r*? — (r — x)*] 
and $z[r? —((r—x)*]s respectively. For it to just float then 
sar? —(r-x)?]s- $ar? x1 


heben e t 
or TE RENS Or x/ræ3/s 


SO Xe dr/s Thus if x<3r/s the sphere would float, 


Ex. 1I-5.24. A body floats in water with 1th its volume above. the 
liquid surface, .It.is released from a depth of x under the liquid 
surface. Show that it reaches the surface after a time interval 


of J6x]g. 


Solution; If the density of a floating solid be p with its nth 
fraction under a liquid of density p“then p=np~ Here p -2p* 

Now the weight of the body is Vpg and that of the displaced 
liquid is Vo Z= Vápg. 3 

<. Upward thrust= Vo'g — Veg =}4pgV 


and upward acceleration fe -Wet gB 
Now x=} ft? ort= Ax 6x 
V3 ve 


| Problem ;. Why a uniform wooden stick floats horizontally but 
not vertically without being loaded 7 [J. E. E772] 


; Ans. Since wood has a density lower than that of water it would 
float, The cylinder would float horizontally because it then exposes 


alarge surface area to water and 
can displace its own volume of 
water by small immersion. : 


The same would happen (i.e. 
large surface exposure) when it is 
properly loaded and drags vertically 
a large portion of the cylinder 
down, . It will not float vertically 
without load as then the C.G of the 
tod being far above the C.B of the 
liquid, chance of unstable equilibrium is very much greater. For 
horizontal floating the two are very close and in the same 
vertical line, 


Note: If the vertically floating cylinder is depressed a little 
(say by x) aud then let go it will be acted upon by a net upward 
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force Axpg (where A is cross sectional area) and execute an up-and- 
down S.H.M, (Chap. III-1) . 


Ex. .II-5.25. A hollow cube of side 25 cm is floating half submerged 
in water. Find the volume of lead attached to its lower end so as 


to sink it a further 1.6 cm in water. p of lead 11.5 g/cc. 
|J E E.'07]: 


Solution : On depressing the cube by 1.6 cm further, the volume 
of water displaced will be 25x25x1.621000 cc and the upward 
thrust would be 1000.gf, To counterbalance it, the mass: of lead 
required must be 1000 g and of volume 1000 g/11,5 g/cc2x87.cc. 

IL5,8. Some special examples of floatation. (i) When ice floats 
in a tumbler, full to the brim with water, will the melting of ice cause 
water to overflow p When the ice floats it displaces its own weight 
of water. Let V be the volume of water displaced.’ On melting the 
ice will form exactly this volume V of water and just fill up the space 
which the ice displaced. So when ice melts there will be no change 
in the level of water in the tumbler, 

(ii) A Floating ship —A ship is made of steel and yet it floats. 
For it is given such a concave shape with the hollow upwards 
that, as it sinks into water, it displaces a large volume and soon 
the weight of that water equals its own weight. The factor 
which makes it possible for a ship to float, is the shape.: Tbe density of 
the material of which it is built is greater than that of sea-water, 
Buoys marking the channel in a river are hollow iron spheres, They 
float because each one can displace a weight of water greater than its 
own weight, 

B. When a ship sinks it reaches the bottom of the sea, The 
density of water at great depths differs but little from the value at the 
snrface, ‘Even at a depth of 5 miles the density does not exceed the 
value at the surface by more than 5%. An object of density very 
slightly greater than that of sea-water, but not exceeding the latter by 
more than the above value (i.e. lying within the approximate range of 
densities from 1,03'to 1,08 gm/cm$), may be supported at a suitable 
level in sea-water., But ship of a material of higher density sinks to 
the bottom, Compressibility of water, a liquid, is very small. 

The density of fresh river water is less than that of sea-water. So 
- greater volume of fresh water must be displaced to match the weight 
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of the ship than of sea-water, That is why a ship just afloat in the 
Bay of Bengal may sink in the river Hooghly on her way to Calcutta, 
That is why a ship gets depressed more in rivers and rises slightly 
when sailing out to sea, 

Ex. II-5.26. A cargo ship sinks by a cm going into a river from the 
sea. On discharging the cargo she rises by b cm. When the empty ship 
sails out in the sea she further rises by ccm, Taking the ship-sides 


tas vertcial to the sea-water show that the sp. gr. of sea water is given 
by b/(c-—a+b). [ Pat. U. ] 


Solution: The ship, note, behaves like: a giant constant weight 
hydrometer. Let its sides be immersed by x cm into sea-water before 
coming into the river. Then 

x-Fa- Immersion depth in riyer-water with cargo 

x+a-b= ” Bb 1e » without cargo 

x+a-—b-c= » 9 » gea » » » 


Let p be the density of river water and 9^ that of sea-water, 
d of ship with cargo=px=p(x+a) 
Wt of ship without cargo=p(x+a—b—c)=e(x4+a—b) m (2) 
Subtracting (2) from (1) we get p^ (c+b—a)=pb 
x au b 
'* p c+b-a 

Carrying capacity of a ship is the difference in weights displaced 
. by the fully loaded ship and the empty ship. When we say a giant 
Oil tanker is of 100,000 tonnage we mean that when fully loaded it 

will displace 100,000 tons of sea-water when floating. ; 
Plimsoll lines are white lines painted on sides of a ship indicating 
the maximum depth upto which the loaded ship can be immersed. 
FWis the level of maximum sinking in fresh water and W the 
minimum sinking, ZS stands for Indian Ocean in summer; S and W 
are for summer and winter in other seas, The variations are due to 
different salinities in different! oceans and different seasons, Obviously 
.FWis the maximum permissible . immersion in sea. Immersion is 
always less, They are named after Plimsoll, a British M.P. who 
initiated an Act of Parliament (1776) to stop overloading and conse- 
quent hazards of sinking, by greedy tradesmen. A ship of displacement 
100,000 tons imply that the loaded ship must weigh that much to 
sink her upto the FW Plimson line, A ship drawing 30 ft of water 

implies that its keel-to-water surface distance is that much. 
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C. Floating dock is a giant recangular trough into which Ocean- 
liners can move in, when it is full of water. It has large chambers at 
the base from which water can be pumped out and air pumped in so 
that the dock becomes lighter and floats up along with the liner. Its 
base than becomes dry to carry out necessary repairs, One such, has 
been found at Lothal, Gujerat amongst Indus Civilization ruins, 

D. Life belts used in ships and boats are large belts inflatable 
with air, like tyres so that with a small immersion it can displace 
large volumes of water, and float and support ship-wrecked persons 
or novice swimmers, 

E. Submarines (Fig. II-5.11) The submarine is so built that it 
can float like an ordinary ship. It has two shells, one inside the 
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BALLAST TÁNK 

Fig. If-5.11 i 
other, The inner shell is much stronger than the outer. The space 
between the two shells is divided into chambers, When they are full 
of air, the submarine floats, When the 
chambers are filled with water, the submarine 
sinks, When it is required to rise to the 
surface, water is expelled from the chambers 
bypumps driven with compressed air. This 
lightens the sub, and it floats up. 


F. Cartesian Diver (Fig 11-5.12) is a toy doll 
invented by Descartes which long anticipated 
the workings of a submarine, It is a comic 
hollow small glass doll with a hole in. its tail. 
It can be simulated by a small hollow glass 
bulb with a taper opening downwards. The 
doll contains some air and water inside, in 
such proportion that the combination floats Fig, II-5.12 
totally submerged, in water in a tall glass jar. The top of the 
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jar is closed with a rubber membrane enclosing below it some air 
above the water surface, On pressing the membrane the air gets 
compressed and the pressure is transmitted (Pascal’s law) through the 
water to the air inside the doll, contracting it, More water then 
enters the doll making it heavier and it sinks, On releasing the 
pressure on the top, air inside expands and the doll comes up, By 
adjusting your finger pressure, you can make the doll stop anywhere 
within the water, At different depths the volume of trapped air being 
different the weight of the doll differs (why 9), 


1-6 


PNEUMATICS AND 
ATMOSPHERIC PRESSURE 


II-6.1. Pneumatics. 

The subject-matter refers to the properties of gases at rest and 
belongs to that broader branch, Hydrostatics, In common with the 
other class of fluid the liquids, gases are found to 

(i) exert normal thrust on any surface they are in contact with 

(ii) obey Pascals law in transmitting pressure applied to any 
part, undiminished, to the containing walls in all directions and 

(iii) obey Archemedes’ Principle in exerting a buoyant force on 
any solid submerged in it, 

Note that Pascal’s law would be obeyed in artificial satellites but 
not Archemedes Principle which is concerned with weights (non- 
existent in satellites) whereas the former deals with pressure of the 
gases which must be there present, 

Gases however differ from liquids in being highly compressible. 
This is becatise of their structural difference we have discussed before, 
in Chapter II-2 


II-6.2. Gases have Weight and exert Pressure : 

A. A hollow 1-litre glass globe full of air (fig. 11-6.) is weighed 
and re-weighed after pumping out air from it. In the second case the 
globe will weigh nearly 1.3 g less. The weight p 
of air however would change from this value 
at significantly different temperatures and 
pressures, for their changes induce that in 
density (mass of unit volume), volume of a gas 
in the container remaining unchanged, 

Voltaire is said to have concluded that air 
has no weight from the following experiment. 
He weighed a toy balloon in a sensitive 
balance and then inflated it and re-weighed it. 
No change.in weight was noticed, The fallacy Fig, 11-61 
lay in the fact that when inflated, the balloon was acted. upon. by: 
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the upward buoyant force of the air it displaced, which had the 
same weight as that of the enclosed air, their volumes being equal, 


(9.8.8. A soft plastic bag weighs the same when empty as when 
filled with air at atmospheric pressure, Why ? Would the weights 
be the same when measured in vacuum ? 

Ans, In air, the apparent weight=true weight— buoyant force 
due to air on it, When the bag is full of air, the buoyant force due 
to'air increases by the weight of the additional air displaced, Hence 
whether empty or full we'get only the weight of the bag (less the 
weight of the little air it displaces), But in 
vacuum, there is no force of buoyancy.. Hence 
the bag containing air will weigh more. 

B. Thata gas does exert pressure on its - 
containing walls can be very easily proved by 
small toy rubber balloons. The mouth of one 
such containing a little air or any gas, is sealed 
and the balloon placed on the receiver of a 

Fig, II-6.2 ` vacuum pump under a large bell-jar (fig. 11-6.2). 
As the bell-jar is slowly evacuated the small shrunken balloon swells 
upto almost a sphere. The same will happen if the shrunken balloon 
is slowly heated up. The swelling is obviously due to the pressure of 
the gas inside, which in both cases, rises above the outside atmo- 
spheric pressure, 


1-6.8 Pascal’s Law applied to Gases and Simple Manometers. 


If pressure be applied from outside on an enclosed volume of gas 
thereby diminishing its volume, as by squeezing an inflated balloon, 
or pressure inside, it increased by pumping in air, pressure of the 
trapped gas on the containing walls rises and’ equally so at all points. 
This can be verified by attaching small manometers at different points 
of the walls, Manometers measure gas pressures, 

That Pascals law si applicable to gases renders possible application 
of compressed air for diverse purposes, Air is compressed by 
electric motors when demand of electricity is low and stored in large 
steel tanks, It is used to drive turbines that run electric generators 
when the demand goes up, This arrangement allows generators to 
be run steadily at lower loads all the time, preventing shut-down 
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during lower and straining them during peak demands, Besides, 
compressed air drives pneumatic devices to cut or drill or chip stones 
and hard metals, These tools are a must for mining in hilly regions, 
It is the transmissibility of gas pressure within our bodies or our 
rooms that keeps the pressure within and without equal. Had it been 
not so we would have been squeezed tight by atmospheric pressure of 
about 14.7 Ib-wt on each square inch of our body. An ordinary 
person has a body surface area of about 16 sq. ft thereby subjected 
to a total of about 15 ton-wt 


To measure gas pressure inside a closed vessel when it is not much 
different from atmospheric pressure a U-tube 
manometer is used. It is a very simple 
device as shown is fig, II-6.3, It is just a 
U-tube open at both ends containing some oil 
for low pressure differences, mercury for 
higher. The end A. is open to atniosphere 
and the end B is connected to the closed 
vessel where the gas pressure is required. If 
the gas pressure there exceeds the atmospheric 
pressure it pushes up the liquid in the open 
tube and the gas pressure in gf is the difference 
in heights of the liquid columns (CD) in the 
two arms multiplied by the density. When the 
required pressure is lower the liquid stands i 
at a lower height in the open arm. The gas pressure from the closed 
vessel in transmitted undiminished through the gas in the connecting 
tube through the liquid to D where it is balanced by the downward 
pressure of the atmosphere + the liquid pressure of the column CD. 


Fig. II-6.3 


1I-0.4. Archemedes Principle in Gases 

Gases being fluids and’ having weight on earth, exert upthrust 
on solids immersed in them, Question of partial submerging however 
does not occur here. j 

Buoyancy of air can be demonstrated easily by the following 
arrangement (fig. 11-6.4). A light but large hollow sealed glass 
sphere is suspended from one arm of a sensitive common balance 
placed on the receiver ofa vacuum pump and counterpoised (fig, i). 
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The balance is totally enclosed by a bell jar, its periphery on the 
receiver being made thoroughly air-tight. As the pump is run, 


(i) 


Fig, II-6.4 


gradually the globe is found to descend (fig. ii). On readmitting air 
fully the balance is restored. Ifa spring balance is used the same is 
found to happen. 

The explanation is simple, Air exerts upthrust both on the globe 
and on the balancing weights, But because of the much larger 
volume of the globe, much larger is the upthrust of air on it, and so 
||| is its apparent loss of weight, In absence of air therefore, the globe 

| is found to be heavier than the weights, 


Because, of. this buoyancy, a kg of cotton would weigh much more 
than a kg. of lead or iron in vacuum, though they may weigh equal in 
||| air, Lead is far denser than cotton ; a kg of it hence occupies a much 

| smaller volume and so suffers much less upthrust, much less apparent 
loss in weight than an equal mass of cotton, 


`A. Buoyancy Correction for Weighing in Air. From the above 
||| example we find that a body to be weighed and the Standard counter- 
| | poising weights have different volumes and hence suffer different 
| | upthrusts of air and so different losses in weight, So a. correction. is 
| needed, to get which we proceed as follows : 
| _ Let M=true mass of the body, m its apparent mass in air which 

| is also the apparent mass of the standard weights used, D— density of 
| the material ofthe body, ¢ that the material of the standard weights 
$ and p that of air at the time of experiment, 


PNEUMATICS AND ATMOSPHERIC PRESSURE 139. 


Then the volume of the body is M/D and the upthrust on it due 
to air is (M/D)pg. The upthrust on the counterpoising weights is 
similarly (m/o)pg. Since the apparent weights are equal we shall have 

Mg—(MID)pg= mg —(m/o)Pg 
whence M= m! Hem -tyt Dont -o(; oy (11-6.4.1) 
expanding by the binomial theorem and neglecting higher terms. 

Thus with the body and the weights of the same material (D=¢), 
no correction arises, But with D>o (the body being of greater 
density) the true wt is less than the apparent i, e. recorded-weight, _ 
With D« c, the true wt is greater, 

Example I-61. A body weighs 40 g in air, the density of its 
material being 0.76 glee that of the counterpoising weights 8.4 glec 
and that of air 1.293 g|litre. Find the true mass. [ ILT. 69 ] 


Solution. Using the formula deduced above we have 


Te ple «gol - 9.001293/0.76 _ 40 0 
M=m pD? 1-0,001293/84 ee 


Ex. 1-6 2. Calculate the percentage error arising from neglecting 
the buoyancy of air in weighing an object of density 12 g/cc with 
brass weights of density 8 g/cc. Density of air=1.2x 107° glcc. 


[J. E. E.'81] 
Solution : From eqn, 1I-6.4.1 we have 
M 4278 1\- (E 
mis a Dl (15D ta Y 
the percentage error 11 x100—1.2x 107* is us x100 
=0.005% 


B. Lifting Power of Balloons. You must have observed that 
children’s balloons filled with hydrogen tends to rise up. Scientists 
now-a-days use balloons filled with helium which carry up self- 
recording instruments to study the conditions of atmosphere at 
various heights and those of weather, Von Hess sent up balloons 
with electroscopes to. study Cosmic Rays in the upper atmosphere 
(1911), Man ascended in a balloon to 13.7 miles in 1935. Airships 
or Zeppelins prior to 1940 used for passenger transport from Europe 
to America were specially adapted balloons utilising hydrogen. 

They rise because of Archemedes? Principle, The gases hydrogen 
and helium are much. lighter than air, When inflated with these 
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gases. balloons displace an equal volume of air which has a much 
larger weight. The balance of upward force between buoyancy of air 
and the weight of the balloon including those of the envelope and the 
enclosed light gas, is its lifting power. It may raise that amount of 
weight. If V be the internal volume of the inflated balloon and p, p! 
densities of air and the enclosed gas under same temperature and 
pressure then 

the total lift of balloon = Veg - Vp'g — Vg(0— p^) 

and the available lift= total lift — wt. of balloon and its contents 

=Vg(e—p*)-w (11-6.4.2) 

Ex. II-0.8 The envelope of a balloon has a 300 cu. m. capaciiy 

and is filled with hydrogen of density 0:089 &llitre. If the total weight 


of the balloon and its load is 200 kg and density of air 1.293 gllitre 
find the available lift, 


Solution : Total lift= Ve(p—p°\N 
= 500 x (1.293 — 0,089) kgf— 602 kgf 
-. Available lift=602— 200.— 402 kg. wt. 


density of air surrounding it, diminishes and SO does the external 


of air at that height, For a liquid however no ceiling of depth exists 
for its density does not alter much with depth and the buoyancy on a 


sinking ship Changes but little, 


II-6.5. Work done by an Expanding Gas and Boyle’s Law : 
We have seen above that compressed gases drive machinary so it 
can do mechanical work, The work it can do against a constant 


upward pressure on the underside of the piston because of molecular 
_ bombardments, If this Pressure is Pand the piston cross-section A 
then ‘the thrust exerted by the gas on the ‘underside is PA, Let us 
Press down the piston slowly ( why ?) and uniformly through a 
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distance 7, Then the work done against the gas pressure is PA], See 
that AJ is the extent by which the gas volume has diminished, So 
the work done is W=PA1=P(Vi—V,) 
e.g. work done by a gas against atmospheric pressure in expanding by 
one litre is 1 Jitre-atmosphere=(1.013 x 109) x 10° ergs= 101.3 joules, 

But work done’ in compressing a gas leads to rise in pressure on 
the underside of the piston for molecular bombardments become 
quicker as they have less distances to cover to the bottom of the 
cylinder and back and forth, This fact leads to the Boyle’s Law well 
known to you, It states that 

For a given mass of gas at constant temperature, pressure 
varies inversely as the volume. If'in the above example the initial 
pressure and volume of the enclosed gas be P and V and their final 
values P’and V, then we have PV- PV. The law will be discussed 
in full in HEAT (Chap, IV-5), 


Ex. 116-4, An empty beaker floats in water bottom upwards. It is 
gradually pushed down nnder water in that condition. ‘Show that 
after. reaching a certain depth it loses all its buoyancy and sinks 
of itself. 

Solution : Let the empty beaker contain V cc of air at pressure P. 
As it is forced down mouth 
downwards, water enters it 
compressing the air With 
depth the volume of enclosed 
air diminishes and pressure 
on it increases, Let hom be 
the depth of immersion when 
the required condition arises, 
Then at that depth, the wt. 
of the beaker W=that of 
water displaced by Archemedes 
Principle. 

s. W=(v+W/p)x1 where y is the volume of air and p the 
density of the beaker material, 1 the density of water. 

-~ v=W- WIP i 

If His the height of water barometer exerting pressure P, then by 
Pascal’s law pressure on the enclosed air is(H+h) cm; So by Boyle’s 
law ` “VH (at surface) =1(H+h) at immersion h 

er Mex) Bo 1j 
by. “ill d Arms 
or H+he oy or he W(p-1) 


- 


ns 
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At this depth the weight of the beaker is just balanced by the 
buoyancy. A little more immersion, the enclosed air is compressed to 
a volume less than the critical and the beaker sinks, 


Problems (1) : How far should a long wide glass tube closed at 
one end be dipped in water open mouth downwards such that rds of 
it is filled up with water p Atmos Press =76 cms of Hg. 

[ Ans. 207m] 

(2) Force a small inflated balloon some distance under water, 

It will then sink. Why? [LLT, 772) 


II-6.6. Atmosphere: We and everything else on the surface of 
the earth is submerged in an ocean of air, The gaseous envelope 
of the earth is called the atmosphere, This gas—our air—without 
which we would not survive beyond a few minutes, is really a mixture 

. of several gases, about 78% of N,, 21% of O, and 1% of A, Besides, 

there are CO,(0.03%), Ne(18 x 107490, He(5.3 x 10-49), Kr(1 x 104%) 

, HQ. 5x 10-49), Xe(0.08 x 1074), O,(0.01 x 10-*%) of which the 

. amount is variable and increases with height and a variable quantity 

i of water vapour, The composition stated, is by volume. Atmosphere 

is the only example of a gaseous mass held in equilibrium without 
“a container, 


It is not possible to state precisely the height of the atmosphere, 
Air is densest at sea-level, thins out with height gradually and finally 
fades away in the interstellar space, There. where vacuum is con- 
sidered to be perfect contains matter, one or two molecules per cc. 
The atmosphere is broadly divided into two belts the troposphere, & 
region of turbulence upto about 8 miles and beyond, the stratosphere, 
a region of serenity and tranquility. Molecules of air move about 
very fast, Only the earth’s gravity prevents them from flying off in 
space, Gravity acts towards the earth's center and as you have 
‘seen, grows stronger as its surface is approached. Hence the air 
molecules tend to crowd together near the surface of the earth. © 
.. A schematic diagram of the atmosphere upto about 250 miles is showa 
in fig. 1[-6,5. 59% of the total weight of atmosphere is due to air 
" within 3} miles and 99% within about 20 miles, From 30 miles to 
250 miles above extends the Jonosphere from which short radio 
waves are reflected ; matteris present there very sparingly in the 


PNEUMATICS AND ATMOSPHERIC PRESSURE 18 


form of ions. Crowding of molecules close to the earth’s surface 
explains why air there is the densest and thins away with height, 
Complete crowding is prevented. only because of thermal motion 
of molecules, 

All our winds, storms, transport of heat energy and moisture 
occur in the turbulent troposphere, which is barely 1/1000th of earth’s 
diameter, Had there been no air circulation most of the earth would 
have been either pninhabitably hot or similarly cold, The main 
driving force of circulation is the heating of air by land and water in 
the equatorial region. There, air continuosly rises and spreads out 
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north and south in the upper troposphere, The air then cools and 
descends near the middle latitudes with considerable fluctuation and 
variation, A second circulation occurs beyond, in the higher latitudes 
and yet another at the poles, The rotation of the earth and variation 
of temperature due to myriad causes complicate these circulations 
very much, Intense investigations were carried out in 1979 on the 
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Indian Ocean to ascertain the origin and nature of the mysterious 
monsoons, the preserver and life-giver of our agricultur, These 
circulating winds carry energies beyond comprehension, At any ` 
moment the KE, of all air currents moving over the earth is 
estimated to be equivalent to 7 million of Hiroshima nuclear bombs 
(2:2 x 10* tons of TNT each) ! 


1E6.6.. Atmospheric pressure. The atmosphere is the only known 
example of a gas at rest in equilibrium under gravity, In considering 
the atmosphere, we shall here ignore the causes which make air 
Masses move and take it to be at rest, Like a liquid at rest under 
gravity, the atmosphere exerts a hydrostatic pressure on all bodies 
immersed in it, This pressure is called the atmospheric pressure. 
It is equal to the weight of a column of air contained in an 
imaginary vertical cylinder of unit cross-section extending up to the top 
of the atmosphere. 

If at any place, His the height of such a cylinder, p the average 
density of air in the cylinder and g the acceleration due to gravity, 
then the atmospheric pressure P at the place is given by 

P- Hpg (II-6,6, 1) 

P diminishes with height above the surface of the earth, 


Diverse experiments have been devised to demonstrate the 
existence of atmospheric Pressure, Like liquid pressure, it acts in all 
directions normal to any surface with which it is in contact, If air 
exists on both the sides of a surface, there would be no resultant 
thrust on it they being equal and opposite on the two sides, So 
to demonstrate the existence of atmospheric pressure on a surface, 
air from its other surface has to be fully or partially removed, This 
can be easily done by a vacuum pump. 


A very simple experiment shows upward pressure of atmosphere. 

Fill a Sharp, even-edged. glass tumbler to. the brim with. water and 

“ cover it with a cardboard so that no air exists above water, Now 
invert the tumbler and remove your palm from the cardboard, It 

i will not fall off as atmospheric Pressure acting upward will balance 
‘out’ the weight of water? inside, "To Show the downward pressure 

cover a wide cylinder with a Very thin tin plate and place it over 


B 
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the receiver of a vacuum pump, As air is sucked out the ‘tin plate 
buckles downwards, . A glass plate there would be shattered, 


That sideways pressure of atmosphere also exists can be shown 
( fig. II-6.7(a) ) by taking a little water in a very thin tin gallon can with 
a stopper and boiling the water 
vigorously till steam drives out 
air from inside; now it is 
Stoppered tightly and allowed to 
cool ; steam condenses reducing 
the pressure within when the side 
walls of the can are found to 
cave in and crumple into a 
grotesque shape. The famous 
Magdeburg hemisphere . experi- 
ment (1654) carried out by 
Guericke, the inventor of vacuum 
pump, demonstrated dramatically 
the force of atmospheric pressure, Fig. II-6.7(a) 
Before a royal and large gathering he put together a pair 
of smoothly fitting copper 
hemispheres about 2 feet im 
diameter (fig, II-6,7(b) ) in an 
air-tight joint, Two teams of 
eight horses each pulling from 
opposite sides failed to past 
them when air had bere 
pumped out from inside 
The force cementing the : 
hemispheres amounted te 
Fig. 11-6.7(b) nearly three tons, 


Sipping up a drink through a straw or the action of a self-filling 
fountain pen are two of many interesting effects of atmospheric - 
Pressure, In the first case we diminish air pressure inside the straw 
and our mouth cavity by sucking when higher air pressure outside 
on the drink in the tumbler (fig. 11-6.8) or bottle forces the liquid 
Up. In the second case, by raising the lever we squeeze out air from 

10 : 
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"within the rubber bag inside the pen, With lowering of the lever the 


Fig, II-6.8 


bag regains its original volume but not 
the pressure, Atmospheric pressure on 
the ink in the ink-bottle forces some ink 
in the partially evacuated bag. 


B. Natureabhors.vacuum had been 
taught by Aristotle and the above examples 
seemed to bear that out. But again 
Galileo cast.a doubt on it when he found 
no suction pump could raise water from a 
deep well, water rising to about 28 feet 
and no more, He opined that apparently 
there is a limit to abhorrence of. vacuum 
by Nature, Torricelli, a pupil of and 
successor to Galileo gave the correct 


explanation that the event was due to atmospheric pressure which can 
support a water column of at most 34 ft. high, Fig 1-69 shows 


an arrangement to prove it. Take a glass tube 
abouta metre long and dip one end of it 
vertically in: a large. bowl of mercury 
(fig II: 6.9). | Connect the other end of the tube 
toaníairpump through a piece of pressure 
tubing (ie., thick walked. rubber tube). As 
the pump sucks air out of the tube atmos- 
pheric ` pressure, | which -is pressing on the 
surface of the mercury in the bowl, forces 
mercury up into the tube, If it is a good 
pump and you are not doing the experiment. 
at achill station you will find that the 
mercury rises to a.height.of about 30 inches 
and.no more. Water vnder the same condition 
will rise to a height of about (30” x 136/12. or) 


34 feet, The column of liquid is supported by atmospheric pressure. 


Fig. 11-69 


C. Torricelli's experiment. Torricelli an Italian, was. the first to 
‘conclude (1642) that it was atmospheric pressure which supported 
a^column of:mercury inan.evacuated tube, He completely filled 
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a tube about a metre long with mercury and inverted it in a^ vessel 
of mercury (fig I1-6.10). The mercury in the tube came down to 


a height about 76 cm above the 
mercury in the vessel, It fell 
no further because atmospheric 
pressure, pressing on the free 
surface of mercy in the wider 
vessel, was able to -support 
the weight of the column of 
mercury. The condition for 
the balance is 


Pressure exerted by the 
atmosphere = Hydrostatic pressure 
exerted by the column of liquid, 
both of them on the mercury in 
the bowl. 

To test Torricelli’s theory 
that the mercury in the tube 
was supported by atmospheric 
pressure, Pascal had the experi- 


Fig. 1-611 
atmospheric pressure: at a-place is due to the weight of the air 
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Fig. II-6.10 
ment performed at a height of about 1700 m above sea level If 
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above the place, the pressure should decrease as we go higher, The 
height of mercury supported in the tube should therefore be less 
the higher we go, Pascal found this to be true, The baromater read 
about 7.5 cm less, 

The space above the mercury column (in Torricelli’s experiment) 
is'a vacuum since air has been excluded from the tube.» It is known 
as Torricellian vacuum, If the tube is gradually inclined, more 
mercury goes into it, but mercury in the tube remains at the same 
vertical height above the mercury outside (fig. II-6,11). ^ If the 
tube is tilted enough to make the mercury strike the end of the 
tube, it does so with a sharp metallic click, showing that there is no 
air inside it, 

If. Torricelli’s experiment is done in an 
enclosure from which air is slowly taken 
out (fig 11-6.12) the mercury column 
would slowly fall and on readmitting air 
will as slowly rise, This confirms that 
air pressure supports the weight of the 
mercury column, 5 


The height to which the mercury rises 
is independent of the diameter of the tube 
provided it is not very narrow. In very 
harrow tubes another effect, due to what 
is called surface tension, the height is 
, slightly reduced, 


II-6.8. A. Measure of atmospheric 

pressure. Atmospheric pressure is 
Toar pmp Measured by the height of the mercury 
Fig. 116.12 column it can Support. It varies with 
the height of a place above the sea-level, 
Even ata given place it varies slightly according to the weather . 
conditions, For convenience of reference a standard value of 
atmospheric pressure has been defined as follows : 


A pressure of one standard atmosphere is the hydrostatic pressure 


* There will, however, be a little mercury vapour in the space, 
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exerted by a column of mercury 76 cm high at 0°C, 45° latitude and 
mean sea-leyel.xx (Also see the portion marked ‘An indirect way of 
stating pressure’ under sII-4.5). 


A pressure of one atmosphere may be expressed in other units 
as follows.: : 
(1) 1 atmospheric pressure=hydrostatic pressure exerted by 
76 cm of mercury «76 x 13.6— 1034 g-wt per cm* 
=1034 x980— 1,013 x 109 dyn/:m* [ II-4.5] 


(2) lf we take the atmospheric pressure to equal 30 inches of 
mercury, which is the value we accept while using the British system 
of units, we shall have 


Pressure of 1 atmosphere =hydrostatic pressure due to 30 inches 
13.6 x 62.4 Ib-wt. 
12x12x 12 in* 

= 14.7 Ib-wt per sq. inch. 


of mercury —30 io x 


The definition of the standard atmosphere has since been changed, 
Now 1 standard atmosphere = 1013250 dyn/cm?, This value closely 
approximates the above definition, but is more precise, 

Problem. Express in atmospheres the pressure at a depth cf 300 . 
feet of water, given that the density of water is 62.4 Ib per cubic foot, 

and that a pressure of one atmosphere equals 14.7 1b per square inch. 
[ Ans. 88] 


B. The millibar. Meteorlogists usually express atmospheric 
pressure in millibars. As one millibar is equal to a pressure of 
1000 dynes per sq. cm, a pressure of one atmosphere is equal to 1013 
millibars (i.e, 1.013 bars). Study the Weather maps daily published 
by the Statesman and you will see the isobars (same pressure lines) > 
marked out in millibars, Baros in Greek means heavy. 


The mm Hg or torr. When pressure is expressed in millimetres 
of mercury we write mmHg or torras the unit of pressure, One 


* ** Mean sea-level is defined by an Act of the British Parliament as the half- 
way level between the average high and low tides at Newlyn in Cornwall. 
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atmosphere is.a pressure of: 760 mmHg, The word orr has» been 
framed. to honour Torricelli, 


C. Height of the water barometer. The hydrostatic pressure 
due to 30 inches of mercury is equal to the pressure of 30 x 13.6 
inches i.e, about 34 feet of water, Atmospheric pressure can therefore 
support a column of water 34 ft high. This is known as the height 
of the water barometer. In metres, the height of a water barometer 
is 0,76 x 13.6=10,34, But if you really construct a water barometer 
whose top is closed, you cannot get the water rise to 10,34 m. In 
the closed space above the water, there will be water vapour which 
will press down on the water with a pressure dependent on tempera- 
ture (about 3,2 cm of mercury around 30°C), 


In the Kensington Museum London, there is a glycerine 
barometer. As density of glycerine is 1.26 g/cc, the height of this 
barometer would come out to be 76 x 13,6/1.25 or nearly 8.2 m or 
26.9 fi, Pascal used a barometer with red wine in a glass tube about 
46 ft high. Thus any liquid may be used in a barometer. 


D. Requisites of a suitable Barometric liquid: (1) The height 
should be convenient to handle. Obviously mercury is most suitable 
for“ the height is 0.76 m whereas water and glycerine soars to beyond 


10 m and 8m respectively, This is brought about by the high density 
of mercury. 


(3) The liquid should have very low vapour density : ie. it should 


be'non-volatile with high boiling point, Mercury fulfills this condition 


the best. The respectiye boiling points of the three liquids are 357°C, 
100°C and 290°C, 


(3) The liquid should be easily visible, Opaque but shining 
' mercury is better than’the other two colourless liquids, 


(4) The liquid should be pure so that changes in density and other 
physical conditions should be accurately known, Mercury can be 
obtained very pure but not so the others, 


(5) The liquid height should change sufficiently for a. small 
change in:pressure so as to. be more sensitive, Mercury being the 
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heaviest is ata disadvantage here but use of suitable vernier scales 
has removed this shortcoming. 

E. Height of the homogeneous atmosphere. The height of a 
column of air at S. T. P. which would exert the same pressure 
as the standard atmosphere is known as the 
height of the homogeneous atmosphere, If 
h cm is this height, the weight of a column 
of air at S. T. P. and of height A and cross 
section unity should be equal to the weight 
of a 76 cm tall column of mercury of unit 
cross-section, Since density of airat S.T.P. 
20.021293 g/cm?. we shall have 


hx 0.001203 76x 13.6. whence h=8 kilo- 
metres (i.e. 5 miles) less than the height of Mt. 
Everest (8.8 km or 53miles, The atmosphere 
would extend to this height if the density of 
air remained as at S. T. P- throughout this 
height ; but it does not for air thins out as we 
go up, as pressure falls off very rapidly, so 
does the temperature. 


IL6.9. The Barometer. A barometer is a 
device for measuring atmospheric pressure. 
Since atmospheric pressure “can support a 
column of liquid the measurement of atmos- 
pheric pressure consists in measuring the height 
ofa liquid column it supports. The liquid 
chosen is mercury. The advantages of doing 
so have been detailed above. 


A. Fortin's barometer. The most reliable 
barometer is the one devised by Fortin It 
acts on the principle of Torricelli’s experiment. 
In fig. I!-6,13(a), C is a mercury cistern in 
communication with the atmosphere, over Fig, T1-6:13(a) 
which a glass tube A is inverted. The two 
are enclosed in a metal tube B on which a scale S is etched, 


/ 
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{There is also a vernier V which can slide in a slot made in 


Fig. II-6.13(b) 


the metal tube. The tube is so 
slotted as to make only the top 
ofthe mercury column visible, The 
zero of the scale staris from the 
tip of an ivory poinfer F which 
projects downwards froin the ceiling 
of the cistern. The lower part 
of the instrument is shown magnified 
in fig 11-6,13.(b). The surface of 
the mercury in the cistérn can be 
adjusted by the screw E so that the 


tip of the ivory pointer F just touches it 
The bottom of the cistern is made of leather, 
through the pores of which air presses the 
mercury upwards in C. 

The scale reading corresponding to the top 
of the mercury column gives the vslue of 
atmospheric pressure at the moment in terms 
of the height of the column, 

B. Siphon barometer. It is very simple 
in construction and is portable, but it is 
not so reliable as Fortin’s, It is (fig. I1-6,14) 
a U-tube with one arm about 90 cm Jong with 
the upper end closed, The other arm is short 
and open to the atmosphere, The tube is set 
Up on a wooden board fitted with a scale, The 
difference of the mercury levels in the two 
arms gives the barometric height, which can 
be read off from the scale, Unless very carefully 
constructed a siphon barometer may have 
traces of air and water vapour in its Torricellian 
Space. They lower the reading, 

Weather glass or household barometer is 
2 siphon barometer carrying a. dial graduated 
for pressure in inches and marked as “stormy”, 
“rainy”, “variable” and “fair”, 


ONe& aD 


Fig. II-6.14 
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C. Aneroid barometer. This type does not require any liquid 
for its working (‘aneroid’ 
means without liquid) and has 
the great advantage of rugged- 
ness and portability, It consists 
of a partially evacuated metal 
box (B: fig. I-6.15 ) with 
a fiexible corrugated top. A 
box of this type will collapse 
under pressure of air, This is 
prevented by a stiff steel spring 
S which pulls the top upward:. Fig. 11-6.15 

The free end of the spring S is connected to a lever L which has 
its fulcrum at F, The other end of L is connected to a small chain 
C which is wrapped round a spindle D carrying a pointer P which 
moves over a dial, The movement of the corruga'ed top due to 
changes in the atmospheric pressure is magnified by the lever L and 
transmitted to the pointer P. The dial of an aneroid barometer is 
calibrated by comparison with a standa:d mercury barometer. 


Barograph. It isa modified aneroid barometer which is self- 
recording It carriesa pen attached to the end ofa long lever that 
takes the place of the pointer, A continuous record is drawn on a 
piece of squared paper wound on a uniformly rotating cylinder driven 
by clockwork, From this we can obtain a continuous record of 
changing pressure throughout a day. 


II-6 10 Corrections to Barometer Readings. To convert the 
readings taken by a faultless Fortin’s barometer, corrections have to be 
applied for the temperature and the locale. They are as follows— 

` (a) Temperature correction: Rise in temperature expands. the 
metal scale and lowers the density of mercury. The observed height 
appears less due to the former and move due to the latter, They 
will be discussed in Expansion of Liquids under HEAT. 

(b) Correction for Height: As pressure depends on g which 
diminishes with height and Standard Pressure refers to Sea-Level, the 
barometer reading is to be corrected by reducing the value to the 


sea-level, 


154 PROPERTIES OF MATTER” 


(c) Latitude-correction : Since again g varies with latitude and 
pressure with g and Standard Pressure involves 45° latitade, correction 
for latitude is necessary, s 

The mercury height (H reduced to sea-level at 45° latitude is 
given by 

H=h(1 —0.000257 cos 2) — 1.961 x 10-9) 
wheie h is the observed height reduced to 0°C, A is the latitude of the 
place and / the height of the place in cm above sea-level, This height 
represents the length of the mercury column which would be suppor- 
ted by the existing atmospheric pressure at 0*C and at sea-level and 
45° latitude, As you may realise that except for needs of very 
accurate reading, the above corrections may be totally ignored. 


Faulty barometer: It gives a reading less than it should, That 
happenes when the Torricellian vacuum contains air or moisture, 
With change in temperature the intruder gas changes volume and 
Pressure introducing variability in the barometer readings. To test 
whether there is air above mercury the barometer tube should be 
tilted ; if air‘or moisture happens to be there mercury will neyer reach 
the top whatever be the tilt. If no air be there mercury will hit the 
top on sufficient tilting with a metallic click, 

The faulty reading can be corrected by utilising Boyle’s law for 
the air trapped in the Torricellian vacuum, 

Ex. 1165 A faulty barometer reads 28" and 30" when a true 


barometer reads 28,5 and 31 inches respectivelp. Find the true 
reading when the faulty bcrometer reads 29". [ H. S. 1981 ] 


Solution > Let the Torricellian space measure" when the faulty 
barometer reads 28" If s be the area of cross-section of the tube 
then the air occupies a volume of Js, The pressure exerted by the 
trapped air must be (28.5" — 28”) i.e, 0.5" of Hg 

Again when the faulty barometer reads 30" the air column is 
^ ([—2)' long and exerts a pressure of (31"—30") or 1", Hence by 

Boye's law we have ^ 
05xls-1!x(l-2s s, 1=4", 

Finally when the faulty barometer reads 29", the air column would 
be (1— 1^ (4"— 1") » 3" If the required pressure is H inches of Hg. 


we have 
(H—29)x3x$05x]Ixg 
or (H—29)x320.5x4 
or H= 293", 
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II-611 Change of pressure with height. At sea-level’ the 
atmospheric pressure changes approximately by 1 mm of mercury for 
every 11 metre increase of height or 0,1 inch per 90 ft of ascent, 
The difference of pressure between the two levels is equal to the 
weight of a column of air of unit cross-section and height equal to 
the difference in the levels, Thus with a barometer you may measure 
the height of a hill. 

Let two stations be at an altitude difference of H cms from each 
other where the barometer readings are A, and h, cm of mercury. 
Then H cms of air column exerts a pressure equal to (hg—h,) cm of 
Hg.If p and p be the average densities of.air and mercury between 
the two stations then 1 

Hoeg-/h,—h,)e/g or He(h,—-h,)p/Pcm (1L6.11.1) 

With this formula the heights of a building ora hill can be 
easily determined. But the value is not very accurate, (Why not?) 

Altimeters. Since the atmospheric pressure diminishes as we go 
up to higher altitudes, the barometer may be conveniently used to 
determine elevation as indicated above. Altimeters are simply aneroid 
barometers with an altitude scale attached They are very handy and 
may be small enough to be carried in a pocket. Others may be 
sensitive enough to indicate a change in elevation of only 1m. 

Ex. II-6.6 The atmospheric pressure at the ground floor af a 
building is 76:85 cm of mercury and that on the top of the same 
building, 75:63 cm If the average density of air outside is 0:00125 
glcm?, how tall is the building ? / 

Solution: The difference of pressure (0:22 cm. of mercury) is 
due to the weight of a column of air of height (A) equal to that of 


the building and of cross-section 1 cm?. 
0:22x 13:624 x 0 00125 whence h - 23:9 metres. 


Ex 116.7 The atmospheric pressure at the top of a mountain is 
4.5 inches of mercury less than the value at the base.’ If the mean 
density of air is 0 075 Ib|ft*, find its height. à 


Solution: Let h be the required height in feet. Then the 
pressure due to a column of air h ft in height and of density 0:075 
Ib/ft$ is equal to 4 5 in of mercury. i S 

hx'075xg2(45/12)x 136x 62-5 x g, since the specific 
gravity of mercury is 13:6 and 1 cu, ft of water weighs 62:5 Ib, 
i 45x13:6x625 
oe ee ALT. w4249-ft. 
12x0075 
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Ex. 116.8. Barometer readings at the roof and basement of a 
high-rise building are 76 and 75 cmof Hg. Use Avogadro hypothesis 
to find the average densily of air and the height of the building. Take 
the temp. of air as-0°C and density of mercury as 13.7 g/cc. 

[ J, E E 78] 

Solution : We take a mole of air, Air is 4 parts of N, and 1 
part of O, and their gm. molecular weights are 28 g and 32g 
respectively. So a mole of air would contain 22 4 g of N a (28 x $) and 
64g of O, so that 1 mole of air weighs 28.8 g Now the average 
pressure of air along the building would be 75*5 cm, of Hg, Let 
the volumes of a mole of air at pressures P, and P be V, and V, 
Since temp. remains at 0°C we have by Boyle’s law PV=P,V, 
or V-P,V,P. Now P, is 76 cm of Hg and by Avogadro 
hypothesis V,— 22-4 litres. Hence 

V=(76 x 22:4 x 108/75,5)cc, and the average density of air at 0°C 
; M 288x755 
is == = zm UN e 

Po ae 224 3 7 0001277. g/cc 

If the height of the building be H then 


s Pressure at ‘basement = Pressure at top+Pressure due to H cm. 
of air 
J076x137x2—575x137 x g4- Hog 
noon Hess dT emi oed gi 
1:277 x 10-8 1 


Check up the result with the rule of thumb indicated above that 
for each 11 m rise pressure decreases by 1 mm, 


1-6.12. . «Pressure law of Atmospheres : 
The following table shows how air pressure diminishes with height, 
Height in miles : 
above Sea Level M | As, | 3 | m 
Air Press, in 
mm of Hg (torr) 


15 20 


760 | 380 | 270 | 76 24 | 7 


Note how fast the pressure falls at a height beyond 5 miles, This 
fall can be deduced from the so-called pressure law of atmospheres 
which can be established if we assume Boyle’s law to hold ie. temp 
throughout remains constant and so does g. [As we know, none do]. 


From Boyle's law we find that pressure of a gas varies directly with 
density. Now since 


p-hpg we shall have T- —pg 


A 75 
Z For more inquisitive students. 
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—ve sign indicating fall of pressure with increase in height. From 
Boyle’s law (P/Po)=(p/po) where p, and p, are air pressure and 
density at the sea-level, 


1000 


dp ah 
L^ SR 2-92 OPE 


10 8 6 42 0 2 4 6 8 10 12 14 16 18 20 22 24 26 26 30 


Depth.km Sea, Altitude, km 
eve 


Fig. II-6.16 
> sida = ~ ePiplpo) or (dp/p)= — gPolpo)dh 


or ‘bt fs or In p/p, me pe eh 
Po 
where «(= bns is a constant — 0.116/km 
ze pepe (11-6.12.1) 


The adjotilag graph (fig. II-6,16) shows this variation of air 
pressure with height to the right; and to the left is shown the 
variation of pressure with depth under water where p does not 
change. Hence the former is an exponential decay curve, while the 
latter is a rising straight line curve. 

II-6 12 Weather Forcasting. 

Mean atmospheric pressure at a station depends on the altitude 
above sea-level, latitude and the prevailing temperature there, Again 
moisture-content lowers the density of air and hence the atmospheric 
pressure, Rise in temperature similarly lowers the density and hence 
the pressure, Thus the weather conditions at a place at a given time 
governs the atmospheric pressure, 
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So it is possible to make a rough and short-range forecast by 
observing barometric changes at a given place, If a barometric 
height falls rapidly a storm and possibly rain can be expected for 
air would rush in to fill up the partial vacuum, A steady rise of 
mercury in the barometer indicates replacement of water vapour by 
dry air and hence a clear dry weather, Rain is possible when the 
barometer slowly falls, Remember, this forecast is only tentative, for 
there are many unknown long-term and short-term variables in 
weather conditions, 

Uses of a Barometer: They are three fold -. measurement of air 


pressure ata given place, finding its altitude above sea-level and 
roughly forecasting the weather there, 


Il-7 


SOME HYDROSTATIC-AND 
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II-7.0. Material 


We shall here discuss the action of some simple machines that 
depend upon the properties of liquids or gases at rest, The hydro- 
static appliances jo be discussed are 

(i) siphon and some of its adaptations, and 

(ii) some varieties of water pumps 

while the pneumatic appliances tbat will be considered are 

(i) simple air pumps and 

(ii) the diving bell including caissons i 

II-7.1. Siphon. A siphon is a simple device for transferring a 
liquid from one vessel to another at a lower c 
level withont tilting the vessel When it is Pee UN 
not possible or convenient to lift a vessel of t 
liquid, such as a petrol tank, to empty it, we 
often use a siphon, We also use it to draw 


Lie 


off the upper layers of a liquid without dis- EB: Bhs 
turbing the lower layers, DE E 

A. Description. In its simplest form a his E 
siphon (fig II-7.1) consists of an inverted : H 
U-tube of unequal limbs, completely filled with | B 
liquid. The shorter limb dips into the liquid E: fn 
to be transferred ; the longer limb leads Ez 228 3 


outside and extends below the level of the Fig. II-71 
liquid to be drained out. 


B. Action of the siphon may be understood as follows + since the 
siphon tube is full of liquid, the liquid must flow through the tube if 
the force pushing on the liquid at one-end of the tube is greater than 
that at the other end. In fig IT-7.1 the upward pressure P, at A, a 
point inside the ‘ube at the same level as the liquid outside, is equal 
to the atmospheric pressure Py ‘minus the downward pressure due; to 
the column of liquid DA, IPDA =h, and density of. the liquid in the 
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siphon is p, then we have P, = Py—h,Ps. The upward pressure Pg 
at a similar point B inside the tube at the lower end is P5 — Pg — h,Peg, 
when h,— BE. Hence the pressure at A is greater than the pressure at 
B by on amount equal to 
P,— Ps =(Py—h Pg) — (Po — hsP8) - (ha —h,)P8. 
Thisis the pressure due to the liquid column FB—EB —DA. 
which moves the liquid from the shorter to the longer tube, 
Note that the rate of flow of liquid depends on the pressure differ- 
ence between ‘D and E which is 
(Po— hPg) - (Po —h,P8)= (ha -h, pg 
So the rate of flow is independent of the air pressure. 


C. Conditions of working. The siphon will cease to act 

(i) when the liquid is at the same level in the, two vessels, for 
then FB=0 and the forces acting at the two ends of the siphon. are 
equal and oppcsite. 

(i) when EB=AD or EB<AD for there will not be pressure 
enough to push the liquid out, 

Gii) If the liquid is water it will also cease to act if the bend Cis 
more than 34 ft above the surface of water in the higher vessel, for 
then the atmospheric pressure will be unable to lift the water up to the 
bend C. For any liquid whatsoever it will not work if AD> the 
height of that liquid barometea. 

(iv) A siphon will not work in vaccum, for it is the atmospheric 
pressure which pushes ihe liquid through, 

What happenes if a hoie is made on any arm of a siphon ? If it is 
at A or anywhere on the shorter arm the siphoning ceases; for 
pressure inside equals that outside, But it does not stop once started, 
if the longer arm springs a leak, 

D. A discussion; Experiments have shown however that 
(i) - siphons.do work in vacuum and jn certain cases (ii), . it can work 
with the shorter arm longer than the corresponding liquid barometer 
height i.e, atmospheric pressure is not a must for a siphon to work. 

Modern explanation maintains that after the siphon has started 

working the greater weight of the liquid column in EB pulls up the 
liquid in AB. This pull acts because of the cohe.ive force of 
liquid molecules, . It is like this that, if a longer part of a heavy chain 
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passing over a pulley is given a gentle tug and then released, the 
weight of this longer part pulls up the shorter part dangling on the 
other side of the pulley, 

Remember however, the liquid in the siphon needs to be pure for 
its working in vacuum, Impurities or dissolved gases lower the 
cohension between molecules and bubbles form, Then ‘atmospheric 
pressure becomes essential to compress the bubbles and preven 
disruption of the liquid column, : 

Example II-7.1. A siphon tube has an internal radius of 3] Jx 
inches and iis two arms are 14" and 20" long. The shorter arm dips 6" 


inside a liquid. Find the amount of liquid discharged per sec. 
(g =32ft/s*) [J. E. E. 72] 


Solution: The flow depends on (h, —hı) the difference in height, 
As the liquid flows continuously and starts coming down from D it 
has no initial downward velocity, Hence the velocity ie. time rate 
of flow will be 


v= J2g(h, —h,) = 42x32[20"  (14" = 6712] 
= 64 x (12/12y = 8ft/s 
Volume of liquid discharged per sec is 


— Rate of flow x area of cross-section 
= 8ft/s x m x (3/n)* x (dla)* sq ft=8 x 24 cu ft/s— 0:5 cu fts 


Ex. Dh-7.2. Kerosene of sp. gr. 0:8 is to be transferred from a tank 
30 m deep by siphoning in to another vessel. The smaller arm reaches 
the bottom of the tank. After some time siphoning stops though 
kerosene still remains... Why ? Find the level of kerosene left in the 
tank. [ The barometric height is 11 m of water column ]. 


Solution: Height of kerosene barometer h= LS = 1375 cm, 
—13:775 m. So kerosene can be raised by atmospheric pressure 
thus far and no further, ‘Hence the flow of kerosene stops when the 
amount to a depth of 13:75 m has been discharged, 

The depth of kerosene left is therefore 30— 1375 = 16°25 m, 


Ex H-7.8; A cylinder 1 m long and area of cross-section 30 sq. 
cm has mercury up to 85 cm of it. What volume of mercury can be 
siphoned out ?. | P750 mm of Hg ] 


Solution s The mercury level in the tube must fall 75 cm below 
the edge of the container for the siphoning to stop, ie. it must fall 
through 60 cm. so that from the top of the vessel to the surface of 
mercury it may be 75:cm, So the volume siphoned out= 60 cm x 30 
Sq. cm, — 1:8 litres, 

11 
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.Problem : You are to siphon gasolene (P207 g/cc), over an 
obstacle, Find the. maximum height of the obstacle over which 
siphoning would be possible if barometric height is pte of Hp. 

Ans. 


14-77 m] 
... .E.. Applications of Siphon: Another use of the siphon is to 
convert à continuous stream of water into an intermittent stream, 
The principle may be illustrated by a toy called the Tantalus’ cup 
(fig. II-7.2a) where a hidden siphon prevents the level of water in a 
vessel from rising beyond a certain height, the lip of the figure, 
When water is poured slowly. into the vessel (fig. 11-7,2b) the water 


Fig. 117.2 


‘evèl in'it slowly rises until it reaches the top bend of the siphon when 
it starts functioning, Water flushes out quickly and if the rate of 
water supply is less, the water level falls below the shorter arm, The 

vessel then refills and starts the 

siphon action, again. 

This is utilised for (i) washing 
troughs in use for photographic 
plates and automatic flushing 
systems used in public lavatories 
(fig, 1-7.3). A float (not shown 
in the figure) rises with the water 
level and causes the cap B to turn round the fulcrum and close the 
outlet, The water is discharged, the float goes dowa re-opening the 
outlet and the whole cycle is repeated, 


Fig. I1-7.3 
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1-7.2 Water pumps. Water pumps are devices for rising water 
from a lower to a higher level, Since liquids have a natural tendency 
to flow from a higher toa lower level, the lifting is possible only at 
the.expense of energy supplied from outside, 


Similarity of the pumps. Though there are different types of 
pumps, they have some similarities in construction and action ; 

(a) Each type has valves which allow flow of water in one 
direction only. The difference between the types lies mainly in the 
position of the valves, 

(b) In the first stage of action, each pump sucks up water by the 
vacuum it creates, Atmospheric pressure forces the water up into this 
vacuum, . Hence none of these pumps can work if the level of water 
below the pump is greater than the height of the water barometer 
(34 ft), In practice, however, due to leakage and to vapour pressure 
such pumps would not work if the height is greater than 30 ft or so. 

A. Qommon or suction pump. The construction and action 
of the pump. will be clear from Fig II-7.4. A piston B, with a 
valve C in its head, fits airtight into the cylinder A. The valve C 
opens upward atid so allows flow only in the 
upward. direction through. the piston, From 
the bottom of the. cylinder a pipe goes down 
into the reservoir from which water is to be 
pumped up, At the junction of the pipe and 
the cylinder there is another value D which 
also opens upwards, 

Suppose the piston occupies the lowermost 
position at the’ start, During the upstroke, a 
partial vacuum is created in. A between the 
piston-head and the valve D. The higher 
pressure from. below lifts the valve D and air 
from inside the pipe enters the cylinder. As 
a result a partial. vacuum is created in the Fig. II-7.4 
pipe also, 

Atmospheric pressure now forces some water up the pipe. As the 
pump is gradually worked water rises more and more into the pipe 
and ultimately enters the cylinder, In this condition each downstroke 
will cause some water to pass through C and collect above the piston 
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head, © During the next upstroke this water will flow out through the 
spout, while more water will flow in from the pipe into the cylinder. 
This intermittent out-flow of water at each upstroke will continue so 
long as the pump is worked, ‘This pump is widely used in tubewells, 


Priming, The valve C is generally not air-tight, particularly when 
the pump has been in use for some time, As a result the degree of 
vacuum within the cylinder is not sufficient to make the valve D open, 
To avoid this difficulty a part of the cylinder above C is filled with 
water from outside to make the valve C airtight, Suction is now 
effected easily: This operation is called ‘priming’. 


... Ex 1-74: A pump has a diameter of 1 foot, stroke of 2 feet and 
‘worked 20 strokes a minute, How much water it discharges per 
minute jagis 


‘Solution $ Vol of the barrel is = 2(1)* x 2= 1:57 cu-ft, 
In a single acting’ pump, only the upstroke being effective, here 
we have only 10 such, So volume of discharge = 15:7. cu-ft 


and  . mass of discharge — 15 7 cu-ft x 62:5 db, 29813 Ib. 

B. The lift* pump. A suction pump, as described above, cannot 
raise water to more than 30 ft or so for reasons 
stated earlier. To lift water to greater heights 
a lift pump may be used, The mechanism 
will be clear from fig 1I-7.5; In place of the 
spout, a delivery tube F is attached to the 
cylinder, At the junction there is a valve E 
which opens in the direction of flow. The 
other valves C'and D are in the same position 
as in a suction pump, `The principle of action 
isas in the suction pump. When the cylinder 
is filled with water, every upstroke forces some 
water into Fthrough E. The water gradually 
rises into F and is delivered at the desired 
height. Note that here also atmospheric 
pressure forces the water from the reservoir 


* There is no uniformity in the use of the word ‘lift’ pump. Some authors 
use it to mean the ‘common pump described above, Some use it to mean ‘pumps’ 
which can lift water to heights ab5ve the height of the water barometer. 
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into the ‘cylinder of the pump. Hence the level of water in the 
reservoir below the level of the pump should not exceed about 30 ft; 
Extra energy is needed at each upstroke to push the water into the 
pipe F against.the hydrostatic pressure of the liquid column growing 


gradually in F. 
The valve Emay also be placed near the lower end of the cylinder; 


In that case, water is forced up F during the down stroke of the piston, 


C.. The force pump ... The force pump (fig, 11-76) can also raise 
water to heights greater than 30 ft, .But here i 
the.piston.is.a.solid rod and the. delivery pipe 
H is..connected. at.the bottom of the cylinder 
throughia,valve G .which./opens only. in. the 
direction; of flow: | The- valve; D -remains 
unaltered’ in’ position, Its action is also ‘the 
same’ as in the suction pump. During the 
upstroke’ the ‘valve D.openes to let in water 
into the cylinder, the valve G remaining” 


closed, t is the downstroke which forces ap E ji 
water into: H through G. It'is subject to the pr- 
same limitations as the force and the suction za 


pumps, Fig. 11-76 

7 The continuous action force pump. By 
adding an air-chamber (J, Fig, 11-7.7) to the 
force pump, the outflow of water may be made 
continuous, The action of the pump keeps 
the air in J compressed, The compressed air 
forces the water up the delivery tube K and 
maintains a continuous outflow. 

Fire engine. The fire engine has two force 
pumps connected to a common air chamber, 
The handles of the pumps are-so arranged 
that while one descends. the other ascends, 
This makes the delivery.of water still more 

sigi Hora regular. Such pumps are used for d md 
water on fires and are miscalled fire-engines. i 
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1I-7.3 Air pumps. Air pumps are used to pump air out of a vessel 
or into a vessel. When used to pump air out of a vessel, an air 
pump is generally called a vacuum pump. A pump that forces air into 
a vessel is generally called a compression pump or air compressor. 

Vacuum pumps. Though there are various forms of vacuum 
pumps, we shall consider first the piston pump, commonly used in 
beginners’ laboratories. 


A The piston pump A simple piston pump is illustrated in 
fig. II-7.8. It consists of a metal cylinder A fitted with an airtight 
piston B which has a light valve C on it opening outwards, A is 
connected through the tube E to the vessel G to be evacuated, Another 
light valve D, which opens into the cylinder, closes the mouth of the 
tube E. It will be clear that the arrangement of valves is the same 
as in a suction water pump. The valves C and D are however much 
lighter than in the suction pump, and open or close. with a very small 
difference of pressure between the two sides, To make good seals 
there are layers of oil on C and D. 


The action is the same as that of a suction pump. When the 
piston rises, the volume of the air below B increases and its. pressure 
falls, The valve C closes due to the pressure above it beir: greater 
than that below. As the pressure in 4 is less than atmospheric, the 
air in G forces the valve 
D open and some air 
from G enters A, When 
the piston descends, air 
in A is compressed. This 
increased pressure in 
A closes D. When pre- 
ssure in A rises above 
atmospheric, the valve C 
Opens and air from 4 
passes out. Thus at each 
upstroke some air from 
Fig. I1-7,8 G enters A, and during 

each downstroke it leaves 


4. The vessel G is thus exhausted of air. 


i 
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The action of the pump ceases when the pressure in G fails to lift 
the valve D, The valve is generally made of oiled silk, The pressure 
in G may thus be reduced to about 1 or 2 forr by this pump. 

Pressure and Density of Air in G. To find these after a given 
number of strokes in a single barrel air pump, let 

V=volume of the vessel to be exhausted 

yz » ^» „Cylinder between extreme positions of the piston 

P, —- initial air pressure in G. 

On the first upward stroke, the air volume of air rises from V to 
V-+y while the pressure falls from Py to P, which can be found from 
Boyle; law. Thus 

P(V+V)=PoV ^or P =Po VIVA») 

On the second upward stroke air volume V at pressure P, increases 

to V+v again and the pressure falls to P, where 


PAGE DLP UA 
y yi 
or PVP Po 
Arguing similarly, after n strokes upwards, the pressure P, is 
KAn : 
z[-— Ti- 
P, lv Po (i-7,3.1) 
Again if pg be the initial density of air in G and p, the final one, 
Ps Pa By Boyle's Lag) (^ - 17.3.2 
he Ps y Boyle's Law) [zz ( 12) 


Ex IE-7.5. An exhaust: pump has a volume. of 100 cc: and «the 
volume of the receiver is 500 cc. Jf the initial air, pressure in the 
receiver is 76 cm of Hg what it will be after 10 strokes? [J.E.B78] 


TP Sp (i; V. S ge [500,10 i 
Solution : Piot Polo) Teo) =12.27 em of Hg 
Note: The receiver can never be completely evacuated however 
high the value of n i, e. the number of strokes be, for [V/ Vv, P can 
never be zero. Also density cannot be zero i. e. there must be some 
air molecules always left inside the barrel, fewer after every stroke 
however, | 


Problem. If the pressure in a pump were reduced to 1/3rd of the 
atmospheric pressure in 4 strokes to what would be reduced in 
6 strokes? ( Ans. 1/3 43 ) [ Pat. U. ] 
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B. Rotary pump; This pump is a modern device, very rapid in 
action, and produces vacua as high as.10-? torr or even better. It is 
largely used for laboratory and industrial. work, 


Construction Fig. I-7,9 represents diagrammatically’ a rotary 
pump. 4 is a hollow 
steel cylinderinside which 
another. cylinder B (called 
the rotor) can rotate 
eccentrically touching the 
casing A (called the stator) 
as it rotates. C and D 
are two openings in A 
through which air enters 
and leayes it, The vessel 

` to be exhausted is connec- 
ted with the pump 
through C “by a thick 
rubber tube. Air from 
this vessel can enter A 

Fig. II-7.9 ; throughC, The outlet 

ha opeaing D can be closed 

by a valve E operated by a spring. If the pressure in A’ exceeds a 

certain value, E opens and the air escapes through D. . Steel vanes F,, 

F,, separated by a spring press against the casing 4. They lie in slots 

cut ‘ats: the: opposite ends of a diameter of the cylinder B. - The place 

of contáct between 4 and B completely: cuts off connection between 
the parts C and D. — T RSEN 

Action + The ‘eccentric cylinder B is rotated: by an. electric motor 

coupled to its shaft, Letit turn anticlockwise, As F, crosses C, 

the region behind it increases in volume and air from the vessel torbe 

exhausted enters through C iuto this region, At the same time air in 
the region in front of F, is compressed until the valve E opens, . This 
air then passes out through D. When F, passes C, a new volume of 
air is drawn in behind it, The air in front of F, is compressed and 
expelled, i a 
The entire system is kept immersed im oil This prevents the» 
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leakage of air into 4. When the pump is shut down it should be 
disconnected from the vessel to be evacuated, Otherwise, atmospheric 
pressure will slowly force the oil into A through the minute clearances 
between the casing and B as well as the vanes, This oil may even be 
forced into the evacuated chamber, In some designs, a reservoir is 
placed within the pump between C and the vessel. It accomodates 
the oil so pushed in. 

Well-constructed rotary pumps can produce vacua of the order 
of 0-001 torr or mm Hg (1 torr is the unit of pressure used in vacuum 
practice) 1 forr=1333 dyn/cm*, , 

High vacuum pumps called diffusion pumps can ordinarily attain 
vacua of the order of 10-5 to 10-* torr, With special-care they can 
reach 10-8 torr, They are much in demand for producing vacua in 
filament bulbs, X-ray, electronic and discharge tubes and many others, 


I-74. Pressure gauges. While the barometer is used for 
measuring the pressure of the atmosphere, pressure gauges (or 
manometers) are used for measuring. the pressure of gases confined in 
vessels, ^ We have alrady considered the ‘open-tube. manometer, and 
will discuss the Bourdon: gauge for measuring pressure. 


Bourdon gauge (fig. II-7.10). It can be adapted to measure 
pressures above or below atmospheric pressure, and is suitable for 


(a) (b) 
Fig. II-7.10 


many purposes such as measuring the steam pressure. inside the boiler 
-of a steam engine or the pressure of compressed air in a cylinder. 
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The gauge consists of a bronze tube of elliptical cross-section, bent 
into a nearly complete ring and closed at one end (fig. I1-7,10). The 
open end of the tube is connected with the chamber in which the gas 
pressure is to be measured, "The closed end is connected by levers 
and a curved rack and pinion to a pointer [fig.(b)] which moves over 
a graduated scale, As the pressure in the flat tube increases, it tends 
to straighten cut. This moves the pointer over the scale which is 
generally graduated in pounds/in?, and reads zero at one atmosphere 
pressure, A pressure of 10 lb, by the gauge is, therefore, a pressure 
of 10 1b. per sq. in, above one atmosphere, 

In Bourdon gauges meant for measuring pressures less than one 
atmosphere, the scale is marked from 0 to 30 (fig, II-7.10a) | The 
graduations are in inches of mercury. A reading of 30 would mean 
a nearly perfect vacuum, A reading of 10 would mean that 10/30 
ie. ird of the air has been removed, 


IL-7.5. Compression pump. A simple form of compression pump. 
is represented in fig, II-7.11, The piston B moving in a cylinder has 
a valve C which opens inward. The vessel G isto 
which air has to be pumped is connected by a tube 
with a nozzle attached to the cylinder, Between the 
nozzle and the cylinderlies the valve D which opens 
towards G. 


Action. Suppose G and A contain air at atmos- 
pheric pressure. When the piston is drawn upward 
the pressure of air between C and D is reduced, The 
valve C opens and atmospheric pressure pushes some 
airinto the space between C and D, During the 
down stroke, known as the compression stroke, air 
between C and D is compressed. The valve D opens 
and allows some air to enter G. Thus some air 
enters the cylinder at each suction stroke, and is 

Fig 1I-7.11 then forced into the vessel G at each compression 
Stroke, The valve D remains closed during each suction stroke, since 


the pressure on the. lower side of D is greater than that on the upper 
during suction, 
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The rotary pump may also serve as an air compressor. The end 
C (fig. 11-7.9) is'kept open to the atmosphere while a'delivery. tube 
is fitted to the outlet port. D. *As the pump runs, it forces air 
through D. 

Pressure in G) With symbols as in exhaust pumps, we have 
initial mass of air in G —9Vq. During each stroke a mass yp is forced 
into G. Hence after n strokes the total mass of air in G=Vp+nvp. 
If the density of this air is p, then 


VP =VP+nve 
e Py=(1+nv/V)p (11-7,5.1) 
If P,, be the pressure of this compressed air then by Boyle's law 
P, m^ = ny 
Pp ty 
SO P,=Pl+m/V) (11-7.5.2; 


Ex.II-7.6. The barrel and receiver of a condensing pump contain 
0:075 and 1 litre of air respectively, at one atmoshere pressure. After 
how many strokes the pressure would rise to 4 atmospheres ? 


Solution: From 11-7.5.2, 4=(14n 0:075/1)x 1 
or 35-120 or n=40 


IL6.6. The Diving Bell. With this appliance one can descend to 
considerable depths under water, lt , 

consists of a more or less cylindrical, 
large vessel (fig. IJ-7.12) closed at the 
top but open at the bottom and weighs 
more than the water it can contain. 
As it is lowered into water with the —... 
open end downwards, it sinks, As __ 
the air in it is gradually compressed, 
water rises in the bell, but never fills it, 
The internal pressure may be found by 


SS 

Na 

Ne 
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ENSSSSNSSSSSSSOSSSSSSSNNS 


applying Boyle's law. Compressed air ——— — — — .-——. 
may be pumped into it to keep out water 
as desired, Fig. II-7.12 


Sounding lead: A miniature cylindrical bell of the above type, 
coated internally with a soluble pigment, serves as a useful device for 
measuring the depth of water. When lowe-ed into water, the pigment 


7 
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dissolves up to tke distance-to which tke water: level; rose within the 
cylinder, From. this distance the. depth of. immersion can be 
computed, See the problem on page 141.. 

Caissons. They are used to lay the foundations of a bridge under 
water and are. essentially, diving: bells. Powerful air, compressors, 
operated cn land, pump compres:ed air into ‘caisson to keep water 
-out of them, i 1 ! "m s à 

Problem: A cylindrical diving bell 1,50m tall is lowereed to the 
bottem of a tank, when O.5.m of water rises inside the bell, Find its 


depth. (IIT. °67] 
Take temp to remain const and atmopheric press to be 10 m of 
water, Refer to Ex. 1-54. |11 m (Ans. 5.5 m) 


ahi 


5l 


EXERCISES 


Fxercice—1.1, (Gravitation and Gravity) 


[A]. Essay type questions 


L State the law of universal gravitation and explain it in symbols, 
What is meant by the universal gravitation constant ? What is its 
value in cgs units? Why is it called a universal constant ? 


2. Two spheres have masses M; and M, and radii r, and r,. 
What will be the gravitational attraction between them if their 
centres are at a distance d apart? Will the formula apply if the 
bodies, instead of being spherical, has some other sphape? Explain 
your answer, 


3, What role does gravitation play in the motion of planets? 
Assuming that the orbit, of a planet is circular, derive a relation 
connecting the periodic time of the planet and the radius of its 
orbit. 


4, What is meant by acceleration due to gravity ? How is it 
related to the mass of the earth ? Is it à constant ? 


5. Discuss why g changes with latitude. Ata given place why 
does g have the greatest value on the surface of the earth than above 
or below it? 


6. Distinguish between mass and weight. Under what circums- 
tances will a body have no weight? | Will it have no mass at the 
same time? Explain? 


A spring balance can detect differences of weight at different places 
on the earth ; but a common balance cennot. Why ? 


7. Why doesa body appear weightless in an artificial satellite 1 
Will it require a force to move a body inside it ? Explain, 


8. State the laws of falling bodies. How can you deduce from 
them that all freely falling bodies move with the same constant 
acceleration ? 


9. What is meant by escape velocity ? What is its value on the 
earth’s surface ? Is it the same on all planets? If a body is to leave 
a planet not to return, in what direction should it be given the 
necessary velocity ? 


10.. What are meant by the term sgravitational field, potential and 


intensity ? How, do the gravitational force differ from electric and 
magnetic forces ? 


11. What isa simple pendulum? . State the laws of a simple 
pendulum. How can you determine aeceleration due to gravity with 
its help? Wha, preceautions woald you taxe 1 
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12. State Keplei’s laws of planetary motion. How can you 
establish Kepler’s third law from the Newton’s law of gravitation ? 
Arcd vice verea ? j 
13. How can you compare the masses of different" planets from 
Kepler's third law ? 
Show that the smallest period of revolution of an artificial satellite 
in a circular orbit around«a planet is determined only by the average 
*! density of matter of the planet. (JE. E. ] 
14, Obtain expressions for the’ orbiting velocity and period of 
. revolution of a planet moving round the sun in a circular orbit, 
Hence derive an expression for the mass of the sun, 
" Prove that the length of the year is shorter for a planet nearer to 
the sun. à 
15. What is meant by orbitiog velocety of a satillite ? Calculate 
` tbe orbiting velocity and peri: d of revolution of an artificial satellite. 
Find a relation between orbiting velocity and escape velocity. 
16, What is a Geo-synchronous satellite ? Find its height, 


[B] Short answer type questions i ! 

17). If the force of gravity acts on bodies proportional to their 

masses, why does not a. heavy body fall faster than a light body 2 
18. Explain clearly why there is no atmosphere on the surface of 
- the moon but on the surface. of the earth, . 

19. Where will a body weigh’ more—at the-pole.or at the 
equator? If the body a somehow taken to the centre ‘of the earth, 
then what will be its weight. ?.. Why so ? 

20. The gravitational’ force: exerted. by. the sun on the moon is 
greater than: the gravitational force exerted by the earth on the moon. 
Why then does not the moon escape from the earth ? 

21; The-sun attracts all.bodies on the earth, At midnight, when 
the.sun is directly below, it pulls an object in the same direction as 
does the earth ; at noon, when the sun is directly above, it pulls the 
. object ina direction opposite to the pull of the earth, Hence, 

all, objects should be heavier at midnight than they are at noon, 
Explain why this is not. 

22, The gravitational attractions of the sun and the moon on earth 
produce tides The solar tidal effect is about half as great as that of 

_ the lunar, The direct pull of the sun on the earth, however, is 

about 175 times that of the moon. Why is it then that the moon 
causes higher tides ? 

23, Neglecting air friction and, technical difficulties, can a 
satellite be put into an orbit by being fired from a huge cannon on the 
earth’s surface ? Explain, 
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24, An artificial satellite is in a circular orbit about the earth, 
How will its orbit change it one of its rockets is momentasity fired 
(a) towards the earth, (b) away fromthe earth, (c) ina forward 
direction, (d) ina backward direction, (e) at right angles to. the 
plane of the orbit, 

25, Ifaplanet of given density were made larger, its force of 
attraction for an object on its surface would increase because of the 
planets greater mass but would decrease because of the greater 
distance of the object from the centre of the planet. Which effect 
predominates ? 

26. For communication purposes it is desirable to have a satellite 
which stays vertically above one point on the earth's surface, Explain 
why the orbit of such a satellite must be circular and must lie in the 
plane of the equator, What is it called 7 

27. A body is falling freely towards the earth, At some instant 
when it is falling the gravity ceases to act, What happens to its 
motion ? 

28. (i) Elucidate why a space vehicle in orbit is a freely falling 
body with an acceleration towards the earth equal to the value; of 
g at that point. 

(ii) Hence explain weighlessness. 


29, Weight is not an essential property of a body—Explain. 
30, State and explain whether the time period of the pendulum 
will change in the following cases 1— 

(i) Ifa hollow bob is taken instead of a solid bob. 

(i). If the hollow bob is partly filled with water. 

(ii) If the pendulum is taken to the top of a mountain, 

(iv) If the pendulum is taken to the bottom of a mine, 

(v) If the hollow bob is fully filled with water. . 

(vi) If the pendulum is kept in a lift moving with (1) uniform 
velocity. (2). uniform upward or dounward acceleration 
(<8) 

(vii). If the pendulum is inside a satellite, 


31. A hollow sphere is filled with water and is hung by a long 
thread, A small hole is made at the bottom of the sphere and water 
trickles out slowly through the hole, It is observed that the period 
of oscillation of the sphere first increases, then decreases and then 
restored to original value—Explain, i 


32. It is observed that the period of a simple pendulum,is 
much larger and it continues to oscillate much longer on the 
surface of the moon than on the earth, Why? 


12 
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33. The bob of a pendulum is made of iron. A powerful 
magnet is placed below the bob, It is observed that the time period 
of the pendulum decreases—Explain, 

34, A body is released from an orbiting satellite, What will 
happen to the body 7 

35, From the top of a tower, a ball is dropped while another is 
thrown horizontally simultaneously. Which one strike the ground 
first? Explain the answer, [LIT] 

36, When a ball is thrown up the magnitude of its momentum 
decreases and then increases, Does it violate the conservation of 
momentum principle ? [I LEN 

37. The point of suspension of a simple pendulum moves with 
a uniform acceleration in the horizontal direction, How is the period 
of the pendulum affected ? [ H. 8,*83] 

38, How can you explain rarity of certain gases in the 
earth’s atmosphere ? 

39, A pendulum is suspended from the ceiling of a lift, The 
pendulum is brought out of equilibrium through an angle and 
released. At the moment when the pendulum passed through its 
lowermost position, the lift began to fall freely, How will the 
pendulum move with respect to the lift, 


40. How the length of the year changes if the distance between 
the sun and the earth changes ? 


[C] Numerical problems 
41. Two iron spheres of radii 10 cm and 1 cm are placed with 
their centres 10 cm apart, Calculate the force of attraction between 
them. Given, density of lead—- 11:5 gm cm-* and G-667x 
10-9 cm? gm-* sec-? [ 1545 x 10-* dyne, ] 
. 42 Find the force of attraction between two protons at a 
seperation distance of 10-10 m, The mass of a proton is 1:67 x 
10-87 kg, [ 1:86 x 10-44 N. ] 
43, A space rocket flies to the moon, At what point of the 
straight line connecting the centres of the moon and the earth will 
the rocket be attracted by the earth and the moon equally. The mass 
of the earth is 81 times that of the moon and the distance between 
them is 3 84x 105 km, [ 3°46 x 105 km, ] 


44, At what altitude above the earth's surface would the 
numerical value of g be half of that at the surface? Radius of the 
earth is 6400 km, [ 2550 km. ] 

45, If the earth’s mass— 5:96 x 1027 g its radius—-6:367x 
10% cm and gravitational constant = 6:67 x 10-8 cgs unit, what will 
be the value of g on the surface of the earth ? Explain the difference 
form the known value, [ 101-02 cms-* J 
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46. Calculate the value of g the moon’s surface, given that its 
radius is: 0:27 times the earth radius and its mass is 1/81 of the 
earth’s mass, 


How heavy will a boy weighing 60 kg on the earth feel on the 
moon? [about 1/6 the earth’s gravity ; about 10 kg on the earth, ] 


47, Ina free fall from an aeroplane a terminal velocity of about 
192 kmh-* is reached when the force due to air resistance equals 
the gravitational force, When the parachute opens, the velocity is 
reduced to about 6 ms-! in approximately one second. Find the 
deceleration caused by the opening of the parachute, 


If the parachutist weighs 100 kg what is the decelerating force ? 
Express the deceleration as a multiple of g (—9:8 ms-*) and the 
force in terms of the weight of the man, [48 g; 48x 100 kgf. ] 


48, The mass of the earth is 80 times that of the moon, Its 
diameter is 4 times that of the moon. Ifa body is weighed on the 


moon in what ratio will it decrease ? (1:5)(H. $.*79] 
49, Determine the mass of the sun ifthe mean radius of the 
earth's orbit is 149 x 109 km, [2x1033 g] 


50, Calculate the change of apparent gravity at the equator of a 
planet if it were suddenly to contract and change its radius by roth of 
its former value, [ Increase by 3th of the present value. ] 


51. A satellite of earth appears to be stationary with respect to 
the earth, Find its distance from the centre of the earth and also the 
direction of its motion, Given, the radius of the earth — 6400 km, 
mass of the earth— 6:03 x 1027 g and G— 6:67 x 10-9 cgs unit, 

[ 42400 km ; from west to east. ] 

52. The ratio of the radius of the earth to that of the moon is 
4, whereas the ratio of the accelerations due to gravity on the earth 
and on the moon is 6, Find the ratio of the escape velocity from 
the earth and the moon. 5 


53, Calculate the escape velocity from the following data: 
Radius of the earth = 6400 km ; g=980 cms-*, [ 11:2 km/s ] 


_54, The ratio of the acceleration due to gravity in a very deep 
mine and on the surface on the earth is 790/800. Assuming the 
earth to be of uniform density throughout and its radius 6400 km, 
calculate the depth of the mine, [ 80 km ] 

55. At what altitude and at what depth will the acceleration 
due to gravity be 25 percent of that at earth’s surface ? [ R ; 0°75 R ] 
56. At what distance from the earth’s surface is the acceleration 
due to gravity equal io 1 ms-* ? Given that radius of the earth= 
6400 km, [ 31632 km. ] 
57. How much faster than its present rate should the earth 
rotate about its axis in order that the weight of a body on the equator 
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may be zero and how long would it take to make one revolution ? 
What would happen if(i) the rotation becomes faster sti!] (ii) the - 
rotation were stopped altogether? The value of g=978 cms ?, 


[ 16:97 times ; 1°42 hr; objects would start leaving the earth’s 
Surface ; g increases by 25$ ] í 


58. Ifthe earth were to stop rotating about its axis, what will 
be the change in the value of gata place of latitude 45* assuming 
the earth to be a sphere of radius 6:38 x 109 cm ? [ 1:687 cms? ]. — 


59. A uniform sphere has a radius of 2 cm, Find the percentage 
increase in weight when a second sphere of radius 20 cm and density 
12 gm cm-* is brought underneath it and nearly touching it, 

: [ 5:65x10-* g] 

60, If an object at the equator is weightless, then what would 
be the length of the day? The radius of the earth 6400 kmand ~ 
£—980 cms-?, (C, U, j [141 hr. ag 

Ol. A ring is made ofa thin wire of radius r. Find the force 
with which this ring will attract a material particle of mass m 
on the axis of the ring at a distance L from the centre, The radius 
of the ring is R and the density of the material of the wire is p. 
Hence find where the interaction will the maximum, 

2x*Gmpr*RL 

[Fr spen ; L=R/ y3] 
62. If the earth were a solid sphere of iron of radius 6:37 x 10° 
T» and of density 7-86 gm cm-*, what would be the value of 
acceleration due to gravity at its surface, taking G=6,.58 x 10-8 
cgs unit. [ 1380 cms? ] 
63. A body is suspended on a spring balance in a ship sailing 
along the equator with a speed v. Show that the scale reading will 
be very close to W(1+2ov/g) where @ is the angular speed of the. 

earth and W is the scale reading when the ship does not move. 


64, Two artificia] satellites A and B of same mass are cercling 
the earth at distances R and 3R respectively from the surface of 


the earth, R being the radius of the earth. Assuming the orbits of 
the satellite circular, com 
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[965:8] 
_ 66. The planet Pluto is 40 times as f in as the earth 
4s. What is Pluto’s orbital period ? aa aaas 7 253 y } 
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67, What is the potential energy ofthe earth assuming it to be 
a uniform sphere of radius 6:4x 10% m and mass 6:10x 1024 kg ? 


(Bombay) [ 28°72x 1082 J] 


68, Two particles having masses m and M respectively attract 
each other according to the law of gravitation, Initially they are at 
rest an infinite distance apart. Show that their velocity of approach 
of [2G,M 4- m)/a]* /* where a is their separation. ( Bombay ) 

69, A pendum consists of a long thread carring a small lead 
sphere at its lower end, When set swinging with small amplitude, 
20 vibrations occur in 3 minutes, When the thread is shortened 
by 97 cm, 20 vibrations occur in 2 mim, 55:6s. Find the original 
length of the thread and the value of the acceleration due to gravity. 

[9:79 ms-*, 201 m ] 

70, Calculate the acceleration due to gravity at a place where a 


simple pendulum 150 cm long executes 50 oscillations in 2 minutes 
3 seconds, [978 cm s“? ] 


71, If the length of second's pendulum be 100 cm, find the 
length of a pendulum which makes 25 oscillations per minute at 
that place. [ H. S, 63 (comp.) ] [ 144 cm ] 


72. What is the ratio between the heigh H of a mountain and 
the depth h of a mine if a simple pendulum swings with the same 
period at two places ? prs2] 


13. A second's pendulum keeps correct time at the foot of a 
building 1482m high. How many seconds will the pendulum lose 
per day when taken to the top of the building ? Radius of the earth 
= 6400 km, [205] 

94, The mass and diameter of a planet are each four times those 
of the earth, What will be the period of oscillation of a pendulum 
- on the planet if it is a second’s pendulum ? : [45] 


75. A simple pendulum is placed inside a lift, Compare its 
period when the lift is (i) ascending with uniform velocity, 
(ii) ascending with uniform acceleration of 8 ft s~*, (iii) stationary, 
(iv) descending with uniform velocity, (v) descending with uniform 


acceleration of 8 ft S-*, [1:2/45; 151 tm] 
76. The lengh of a second's pendulum is increased by 1%. 
How many seconds will it lose in a day ? [4305] 


71. Two pendulums of time periods 1:6 s and 1'7 s are started 

. simultaneously. . How many seconds later will one gain one complete 
oscillation over the other ? How many oscillations does the faster one 
execute in that time ? 0p 22.2 s, 17 ] 


78. A second's pendulum is oscillating at a particular place, its 


true priod being T. A certain mass M is brought under it and moved 
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along such that the centre to centre distance remains always equal 
to d. Find the new time period in terms of T, [ Jd / (zm d 


19. The period ofa simple pendulum is increased by 1/100 s 
when the length is increased by 1 cm, Find the original length of the 
pendulum, (Poona) [ 100 cm, ] 


80, A small ball of mass 100g suspended from a fixed ponit by a 
light inextensible string 200 cm, long describes a horizonal circle of 
radius 100 cm, the string sweeping out a conical surface, Find the 
frequency of revolution of the ball and the tension in the string. 

[ 038 572, 115-59 g-wt ] 

81. Suppose, a man is measuring force by the gravitatinal 
attraction exerted by two unit masses separatcd by unit distance as 
the unit. What will be the value of G, according to this new unit ? 

(J. E. E.'76) [15x107] 

82. A clock-pendulum made of Aluminium hasa length of 100 
cm, when the temperature is 20°C. How many seconds will this 
clock lose in a day if the temperature is maintained at 30°C ? Co, 
efficient of linear expansion of Al= 25x 10-8°C-1, [1085] 


Exercise— 11.3 (Elasticity) 


[A] Essay type questions 


1, Explain the terms elasticity, strain and stress, What do you 
understand by elastic limit and Hooke’s law? What is meant by 
modulus of elasticity ? 

2, Explain the terms tensile stress and Strain, compressive stress 
and strain and shearing stress aad Strain. Define Young's modulus 


, 


1153; ‘What is Poisson’s ratio ? In what unit is it enpressed ? What 
are the egi units for the three elastic moduli? What cgs units do 
You use fot stress and strain ? 


4. Destribe a laboratory method for the determination of 
Youug's modulus of elasticity of a material in the form of a wire, 


5. Find khe work done in Stretching a wire, What happens to 
the energy wha the wire is allowed to return to its original Magd ? 
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6. With the help ofa stress-strain curve, explain the terms 
perfect elasticity, yield point, elastic lemit, breaking point, breaking- 
stress and breaking load, 


[B] Short answer type questions 


7. Steelis more elastic than rubber—Explain. 


8. What isforce the constant of a spring? What property of i 
the spring does it express? ‘A spring balance measures the weight 
of a body—Explain, 

9. When a wire is stretcted potential energy is stored in it, 
Why ? When the stretching force is removed and the wire regains its 
original length then what happen to this potential energy ? 

10, A stretched wire is suddenly snapped. Would there be any 
change in its temperature ? 1 

11. In an experiment to measure the Young's modulus for steel 
a wire is suspended vertically and loaded at the free end. In such an 
experiment, (i) Why is the wire long and thin, (ii) Why is a 
second steel wire suspended adjacent to the first ? 

12. State one advantage and one disadvantage in using a long 
wire rather than a short stout bar when measuring the Young's 
modulus by direct stretching. 


13. A system of balanced forces produces deformation but a 
system of unbalanced forces produces acceleration—Explain. 

14, Which is more rigid—steel or diamond? Explain with 
reasons, 


i Show that the value of Poisson’s ratio lies between 0°5 
and — 1. 


16. Two springs have their force constants K, and K, (K,2 Ka) 
On which spring is more work done (i) when their lengths are 
increased by the same amount, (ii) when they are stretched by the 
same force. [LI T.76] 


[C] Numerical Problems. 


17. Express the force constant in terms of Y, length and the area. 
of cross-section of the spring wire. [K=YA/L] 


18. A spring of force constant K is cut into three equal pieces. 
Find the force constant of each part. [3K] 


19, Two vertical weightless springs of equal length hang from 
a ceiling and the lower ends of the springs are attached to a bar, 
It the force constants of the springs are K, and K,, find the force 
constant of the spring system. : [K, +K, } 
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20. A spring of force constant K, and another of force 
constant K, are joined toge'her and hung from a ceiling. Find the 


force constant of the spring system, I TK, 

21. A railway engine of mass.20 tons struck a wall and each 
of its two buffers was found to be compressed by 10 cm, If the 
spring of each buffer is compressed by 1 cm under the action of a 
force of 1 ton force find the velocity with which the engine struck 
the wall. ( 1 ton = 1000 kg, ) [ 3:56 km/hr.) 


22, A 2 kg load elongates a spring by 2:5 cm, What will be 
the elongation for a load of 1:5 kg? What load will be required 
for an elongation of 1.75 cm ? [ 1:875 cm, 1:4 kg ] 


23. A piece of copper wire is 2m long and 0:5 mm in diameter, 
A load of 10 kg. increases its length by 2:38 mm, What is the 
Young's modulus for copper ? [ 4:28 x 108 kgf. cm.-* ] 


24. A 10 kg, weight suspended by a 5m long wire causesa 
strain of 0-19, If the cross-section of the wire is 1 mm’, what are 
its elongation, strees and Young's modulus ? 

[ 5mm, 9:8 x 108 dyn cm-*, 9-8x 1022 dyn cm-? ] 

25. A piece of wire, 600-5 cm long and Imm? in cross-section 
has a load of 20 kg. suspended from one end. . If the load is removed 
the length diminishes by 03 cm, What is the value of Young’s 
modulus ? [ 2°35 x 10?* dyn cm-* ] 


26. A horizontal plank supported at two ends is depressed in 
the middle by 2 cm, when a load of 5 kg. in placed there. How 
much will a load of 7:5 kg. depress it in the middle What load 
will be required for a depression of 3:75 cm ? [3 cm, 8:75 kg. ] 


27, A rod of length 250 cm and radius 2:5 cm has Young's 
modulus = 2 x 10*? dyn cm-? and Poisson's ratio — 0:3, What strain 
in the diameter will be caused by a load of 1000 kg TUPIOx10-4 


28, A metal mass of volume 500 cm3 hangs from the end ofa 
wire whose upper end is rigidly fixed. The diameter of the wire is 
uniform and equal to 0'4 mm and its Young's modulus is 7 x 1041 
dyn cm.-*, When the metal mass is completely immersed in water 
the length of the wire changes by 1mm, Find the length of the 
wire, ` [ 179:4 cm, ] 


20. If the coefficient of linear expansion of steel is 12 x 10-9 
per °C, Young’s modulus is 2x 109 gm wt per cm?, calculate 
the increase in tension in a steel wire of cross-section 0°005 cm? 
tightly fixed between two rigid supports when the temperature falls 
by 10°C, [ 1200 gm wt, ] 


. 26. A piece of rubber pressure tubing 30:0 cm long extends by 
9:60. cm when stretched by a load of 300 gm. If the internal 
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diameter of the tube is 4-0 mm and the thickness of wall also 4 0 mm, 
Calculate Young’s modulus for the rubber. [ 1:46 x 107 dy cm“? } 


21. A steel cylinder is heated through 50°C and is then clamped 
in rigid supports at each end. Calculate the stress in the cylinder 
when it has cooled down to its original temperature. ( Y for steel= 
2x 101? dyn cm-?, co-eff, of linear exp, for steel= 1 2x 10-5 per °C). 

; [ 12x 108 dyn cm7* J 


28. A steel wire of diameter 1:0 mm is stretched between two 
rigid supports fixed at right angles to a thick brass base, the wire and 
the base being parallel, The tension of the wire is 1:5 kg wt, What 
will the tension become if the temperature of the apparatus rises by 
10°C? The co-efficient of linear expansion of steel and brass are 
1:09 x 10-5 deg C71 and 1:89 x 1075 deg C^* respectively, Young's 
modulus for steel is 2 0x 101* dyn cm7*. [278 kg wt J 


29. A wire of length 1m and cross-sectional area 0:5x107* cm? 
is stretched horizontally between two pillars A mass of 100 g is 
suspended from the midpoint P of the wire. Calculate the depression 
of P. ( Y 22x 101? dyn cm~? ; g =980 cms-* ) { 1:07 cm. ] 


30, A vertical steel wire and a parallel brass wire, each 400 cm 
lorg and 0:0040 cm” cross-section, hang from a ceiling and arè 30 cm 
apart, The lower ends of the wires are attached to a light horizontal 
bar. Find the mass of the load which must be hung from the bar to 
cause each wire to extend by 0-10 cm. At what distance from the 
brass wire must the mass be suspended? (Y for brass = 1:0 x 101* dyn 
cm~? and for steel, twice as much. ) (306 kg; 20 cm] 


31. A steel wire 1m long and a brass wire 70 cm long each 0 01 
cm? in cross-section are fastened together end to ead and are then 
subjected to a tension of 10 kg wt. Calculate the elongation of each 
wire, Given Y fur steel=2x 101? dyn cm-* and that for brass = 
1x 101? dyn cm7?, { 0:049 cm, 0:0686 cm. ] 


32. Elastic limit is exceeded when the strain of a wire becomes 
just greater than 12000, It the cross-section is 0:02 cm? and Young's 
modulus for its matrial is 14x10‘! dyn cm7*, find the value of 
maximum load that can be hanged from the wire without causing 
permanent deformation. [ 143 kg wt. ] 


33. A light rod of length 200 cm is suspended from the ceiling 
horizontally by two vertical wires of equal length tied to its two 
ends. One of the wires is made of steel and is of cross-section 0 1 cm* 
and the other is of brass of cross-section 0:2 cm*, Find the point on 
the rod at which a weight may be bung to produce (i) equal 
stresses in both wires, (ii) equal strains in both wires (X for 
brass 10 x 1011 dyn cm~? and that for steel —20 x 1011 dyn cm=* ) 
{66:67 cm from brass wire ; At the middle of the rod, ] (I. I, T ,.’74) 
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34. A wire of length 1m when stretched by a load of 10 kg 
increases in length by 0:1 cm, The cross-section of the wire is 0'1 
cm*, Calculate the Young's modulus of the material. If the 
Poission's ratio be 1, calculate also the change in volume of the wire; 

(J. E. E.'82.) [98x 1019 dy cm7*, 0 0033 cm?. ] 


35. A vertical s'eel columm 10 m high supports a load of 80 
metric tons, Taking Young's modulus for steel to be 2x10? kg wt 
cm: *, area of cross section to be 100 cm* and Poission’s ratio to be 
02, find the decrease in length and decrease in volume of the column 
when the load is applied. (J.B E,"79) [04cm ; 56 cm* ] 


36, A steel wire of cross-sectional area 0:5 mm? is held between 
two fixed supports, If the tension in the wire is negligible and it is 
just taut at a temperature of 20°C, find the tension when the 
temperature falls to 0°C, (« for steel 12x 10-9 per °C and 
Y 22:1 x 107? dyn cm-? ) (LI. T."73) [252x109 dyn] 

37. A copper wire and a steel wire each of length 1:5 m and 
diameter 2 mm are joined at one end to form a composite wire 3 m 
long, The wire is loaded till its length becomes 3:003 m, Calculate 
the strain in copper and steel wires and the force applied to the 
wire, Y for copper=1:'2x10'* Nm-* and that for steel= 
20x 101? N m-*, [ 1:25 10-8, 75 x 10-4, 471 NJ 


38, A uniform glass tube containing water is suspended vertically 
from a support, When a weight attached to its lower end, 1 m 
length of the tube is found to be stretched by 0:05 cm, while the same 
length of the water column in the tube is lengthened by 0°03 cm. 
Find the Possion’s ratio for glass, [ 0:299 ] 


39. Find the value of the Poission’s ratio for gold given that a 
force of 330 gf elongates a gold wire of diameter 0-32 mm by 
1 mm and that equal and opposite torques of 145 dyn-cm applied at 
its ends twist it through 1 radian, (Bombay). [0:429] 


40. Find the work done in stretching a wire of 1 mm? cross- 
section and 2 m long through 0:1 mm, Young's modulus for the 
material of the wire is 2x 10? * dyn cm-?, 

(Punjub Univ.)  [ 5000 erg. J 


4l. A copper wire 2 m long is stretched by 1 mm, If the 
energy stored in the stretched wire is converted into heat, calcultate 
the rise in temperature of the wire ( Y for copper—12 x 1022 dyn 
cm-*, density of copper=8, sp, heat of copper- 0:1 and J2 42x 
107 erg/cal ) [ 0:004°C ] 


42. A copper wire has twice the radius of a steel wire, One 
end of the copper wire is joined to one end of the steel wire so that 
both can be subjected to same longitudinal force, By what fraction 
of its length. will the steel wire have stretched when the length of 
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copper wire has increased by 1%. Y for steel is twice that 
for copper. [2%] 

43. Calculate the minimum tension with which a platinum wire 
of diameter O'L mm must be mounted between two points in a stout 
invar frame if the wire is to remain taut when the temperature rises 
to 100 K, Platinum has a coefficient of linear expansion of 9x 
10-9 K-?, Y=17x10*© Nm-*, The thermal expansion of inver 
may be neglected, [120N) 

44 The rubber cord of a catapult has a cross-sectional area 
of 1:0 mm? and total unstretched length 10 cm. It is stretched to 
12 cm and then released to project a missile of mass 0:005 kg 
From energy considerations or otherwise, calculate the velocity of 
projection of the missile, Take Y for rubber as 5:0 x 108 N m-*. 
State the assumptions made in your calculations, [20ms-*] 


45. Two rods of different metals having the same area of cross- 
section A are placed end to end between two massive wall. The 
first rod has a length J, coefficient of expansim 4, and Young's 
modulus Y,. The corresponding quantities for the second rod are 
1,,<, and Y,, The temperature of both the rods is raised by T 
degrees Find the force with which the rods act on each other in terms 
of the given quantities, (LLT.) [ATY Y (l1 ll Y, 1 Yo)). 

46, Acopper ring of radius 100 cm and cross-sectional area 
4mm? is fitted on to a steel rod of radins 100:125 cm, With what 
force will the ring be expanded if the modulus of elasticity of copper 
is 12x 10* kgf/mm", [ 60 kgf. J 

47. An iron wire 5m long is suspended vertically, By how 
much will the volume of the wire change it a load of 10 kgf is 
attached to itp — Poission's ratio 03, [ 0:001 cm*, ] 

48 A sphere of radius 10 cm and mass 25 kg is attached to the 
lower end of a steel wire which is suspended from the ceiling of a 
room, The point of support is 521 cm above the floor. When the 
sphere is set swinging as a simple penéulum, it lowest point just 
grazes the floor, Calculate the velocity of the ball at the lowest 
position. The original length of the wire is 500 cm, radius 
of the wire is 0°05 cm and Young’s modulus for its material 
—2x101*dyn cm- *. (LI.T.) [3:756 ms-!] 

49, A sphere of mass 50 g is attached to one end of a steel 
wire 0315 mm is diameter and 1 m long. In order to forma 
conical pendulum, the other end is attached to a vertical shaft which 
is set rotating about its axis, Calculate the number of revolutions 
per second necessary to break it, The wire will break when the 
force exceeds 4:5 x 109 dyn cm-?, g=980 cms~*, ( 151 cps. } 

50, A steel ball of radius 10 cm and mass 1000 g is suspended 
from à point 312 cm above the floor by a steel wire of unstretched 
length 290 cm, The radius of the wire is 02 mm. If the ball is 
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set swinging like a pendulum so that its centre passes through the 
lowest point at 6 ms-!, by how much does it clear the floor 
Y for steel — 2x 10? * dyn cm-*. [ 1748 em ] 


51. 200 cm? of air is at a pressure of 760 mm of mercury, 
If the pressure is increased by 1 mm of mercury and the temperature 
remains constant, ihe volume of air increases by 0:263 cm3. What 
is the bulk modulus of air p L 760 mm of Hg } 


52. If a torque of 1000 dyn-cm is applied at the lower end of- 
a suspended wire it is twisted by 90°. What torque will be required 
to produce a torque of one radian ? [ 2000/x dyn cm. ] 


53.. Obtain a value for the density of sea water at a depth of 
4 mi below the surface, assuming that the density at the surface is 
1'025 gm ml-' and that the compressibility of sea water is 
43x 10-5 per bar. ( 1 bar- 109 dyn cm-? ) [1053 gm mI**] 


54, Find the work done in twisting a steel wire of radius 1mm 
and length 25 cm through 45° the modulus of rigidity of steel 


‘being 8 x 107* dyn cm7?, ( Lucknow ), [ 1 55x 108 erg, ] 


T: 


55, The Young's modulus and the modulus of rigidity fora 
‘substance are 11:25x10!* and 4:55x 101: dyn cm-? respectively, 
What will be the change in volume of 1000 cm? of the substance 
‘when subjected to a pressure of 10 atmosphere ? 

( 1 atm, = 106 dyn cm-*), ( Gujerat ), [ 0014 cc. ]. 

56. A disc of mass M is placed on a table, A striff spriog is 
attached to it and is vertical. To the other end of the spring is 
attached a disc of negligible mass, What minium force should be 
applied to the upper disc to press the Spring such that the lower disc 
is lifted off the table when the external force is suddenly removed ? 

(LLT.*76) [Mg] 

57. When a rubber cord is stretched, the change in volume due 
to change in linear dimensions is negligible, Obtain value of 
Poission's ratio for rubber, ( Bihar) [05] 


58. Calculate the bulk modulus for a specimen of steel, given 
‘that the Young’s modulus and the rigidily modulus for the specimen 
are 21x 10** and 8x 10'* dyn cm~", [ 18-7 x 102 dyn cm7* J 


., 59, Poission’s ratio of a material is 0 379, its rigidity modulus is 
287 x 10** dyn cm-?, find ( Baroda) [7:916 x 1021 dy cm™*, J 


60. A wire of diameter 0'6 mm and length 300 cm hangs 
vertically. A load of 4 kgf is applied at its middle point and also 
‘afurther load of 4kgf at its free end. Find the total elongation, 
assuming Young's modulus for the material of the wire --2 x 10!* 
dyn cm=%, [ 0:312 cm. ] 
. 61. A copper wire 8m long hangs vertically, Find the 
elongation due to its own weight, Y for copper=1-0x 101? dyn 
-cm~ and density of copper —8 9 gm cm-?, [ 0:00215. J 


IL4 (Hydrostatics) 


[A] Essay type questions : 


1, Distinguish pressure and thrust. It pressure involves. an area, 
what is meant by pressure at a point 7 


2. What is the characteristic property of a fluid? How can you 
prove that a liquid exerts a normal pressure on any surface with 
which it is in contact ? Explain if this will apply also to an imaginary 
surface within the liquid. 


3. Derive an expression for the pressure at a depth h in a liquid 
of density p; 

What do we understand when we say that fluid pressure at a 
point acts equally in all directions 7 


4. How can you prove that the pressure of a fluid at rest is the: 
same at all points in the same horizontal plane ? 
What do you mean ‘horizontal’ and ‘vertical’ p. 


5.. If there be several open vessels connected together by a liquid, 


why should the liquid levels be the same in all 7 


What is the meaning of the statement ‘a liquid finds its own leye? 
or ‘a liquid stands at the same height in communicating vessels’, 

6. State Pascal’s law of transmission of liquid pressure, 

Explain how the law can be applied to magnify a force, Show 
how the principle of conservation of energy is not violated in such. 
magnification. ; 

7. Briefly discuss the construction of a hydraulic press and 
explain the principal on which its acts, Derive an expression for 
mechanical advantage of the machine, 


[B; Short answer type questions : 
8, Thingscan be cut by the sharp edge of a knife easily but 
cannot be cut by the blunt edge. Explain the reason. (H. S. '82) 


. 9. Why it is necessary to make the dam of a water reservoir 
thicker at the bottom than at the top 7 ` . (H. 882) 


10. Why does a pointed nail penetrate into the wall more than 
a thick nail when struck ? 

11. Explain how it can be that pressure isa scalar quantity 
when forces, which are vectors, can be produced by the action of 
pressures, 


12. Willa hydraulic press work if its cylinder be filled. with air 


-instead of liquid ? 


13. Water is poured to the same level in each of the three vessels 
of different shape but of the same base area. If the pressure is the 
same at the bottom.of each Nessel the force experienced by the base 
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of each versel is the same, Why then do the three vessels have 
different weights when put on a balance 7 

14. Can a hydraulic press multiply energy 7 

15, Why should we get a stronger flow of water fiom a tap 
lowers down than another, but having the same diameter of the 
month ? 


{ C] Numerical problems : 


16. A 20kg table stands evenly on four legs 5 centimettre square, 
What are the values of thrust on each leg and the pressure at a point 
of the leg ? [ 5 kg, 02 kg cm-* J 

17. The water supply tank in a household is 30 m above ground, 
When a tap is opened 10m of water head is lost for overcoming 
friction, What is the pressure of water in a tap 8 m above the 

und ? 
If the tap has a diameter of 1-2 cm, what force should be applied 
to its mouth so as to stop flow of water p [1200 gf cm-*, 1560 gf. ] 


18, How much length of mercury will exert pressure equal to 
that of 34 ft of water p Given density of mercury = 136g cm". 

[30 inch] 

19. A bottle has bottom area equal to 30 cm*. It is filled with 

water and corked, The area of the cork is 1 cm?. Ifa force of 40 

gf be applied on the cork, find the thrust on the bottom, [1200 gf] 


20, The pressure at the bottom of a well is 4 times than at a 
depth of 2 ft. If the pressure of atmosphere is equal toa column of 
water 30 ft high, find the depth of the well. [98 ft) 

21. A cubical tank having each side 2m is filled with water, 
Calculate the force on the bottom and the force on a vertical side, 

. [8000 kgf, 4000 kgf.] 

22, What is the pressure at the bottom of a clear take of water 
10m deep? Atmospheric pressure=76 cm, Hg, density of mercury 
=13°6 gcm-8, (H. S. 82) [2033-6 gf cm-*] 

23. A cubical tank with side 40 cm is closed at the top. At 25 
em from the base, a vertical pipe is joined to one side of the tank, 
The pipe contains water upto a length of 55 cm, If the cross-section 
of the pipe is 100 cm, calculate the thrust on each side of the tank 
including the top. [1254:5N on bottom, 627:2N on top, 940 8N on 
"E side without pipe, 886 9N on each vertical side with 
pipe. 

24. A lockgate separates water on (wo sides, the height of water 
on one side is 4 ft, on the other side 20 ft, If the gate is 20 ft wide, 
find the resultant thrust on the lockgate, [24 x 104 Ibf.] 

25. A cylindrical vessel is filled with equal amounts by weight of 
mercury and water. The overall height of the two layers is 292 cm. 
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Determine the pressure of the liquid at the bottom of the vessel, 

The density of mercury is 13:6g cm=8, [4 cm Hg] 
26, Acubical box is full of water, show that the thrust on any 

vertical wall is half the weight of the water contained in the box. 


27. If the pressure of water at the ground floor is 34 !bf/inch* 
and on roof 18 Ibf/inch? of a certain house, calculate the height of the 
house, [ 36.86 ft. ] 

28. A vertical U-tube of uniform inner cross-section contains 
mercury in both its arms, A glycerine (density 1.3 gcm-*) column 
of length 10 cm is introduced iato one of the arms. Oil of density 
0:8 g cm-? is poured into the other arm until the upper surfaces of 
oil and glycerine are in the same horizontallevel, Find the length of 
the oil column, Density of mercury is 13.6 g om-?. (I. I. T. 72) 

" [9.61 cm] 

29. A U-tube, whose ends are open, whose section is one square 
inch, and whose vertical, branches rise to a height of 33 inches, 
contains mercury in both branches upto a height of 6,8 inches, Find 
the greatest amount of water that can be poured into one of the 
branches, assuming density of mercury to be 13.6 g cm7?. (London 
Univ.) [ 27.2 inch? ] 

30, A U-tube is partly filled with mercury of density 136 g cm-*. 
Salt solution of density 1.10 is poured into one limb so as to make 
the difference of levels of mercury in the two limbs equal to 1 cm, 
What is the height of the column of solution ? [12.4 cm ] 

31. The two arms of a U-tube have cross-section of 1 cm* and 
0,1 cm? respectively, ‘Some water is poured into the tube which 
enters into both the limbs of the U-tube, What volume of a liquid 
of density 0:85 g cm~? should now be poured into the wider limb so 
that water level in the narrower tube may rise 15 cm? (J. E. E. *76) 

{1791 cm? ] 

32. A U-tube partly filled with water. Another liquid which 
does not mix with water, is poured into one limb until it stands a 
distance h above the water level on the other limb, which has mean- 
while risen a distance d, Find the density of the liquid, [ 22/(2d--h) ] 


.33, The smaller piston of a hydraulic press has a diameter 
1 inch, and the larger one has a diameter 1ft. Ifa force of 50 Ib be 
applied on the smaller piston, how much force will the larger one 
develop? (P. U. 62) [ 8064 Ib ] 
34. The diameter of two pistons of a hydraulic press are 
respectivelv 3 inches and 30 inches, The smaller piston is attached at 
distance of 2 ft from the fulcurm of a lever of length 12 ft, What 
force must be applied at the free end of the lever in order to produce 
a force of 5000 Ib at the bigger piston p (Tripura H, S. 81) [8:3 1bf] - 
35. A hollow right circular cone of height h and semi-vertical 
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angle « rests with its base on a horizontal tabe, If the cone is filled 
with a liquid of density p, the weight of the empty cone becomes 
equal to the weight of the liquied it contains, Find the thrust on the 
base of the cone and the pressure exerted on the table when the cone 
is filled with the liquid, [ xegh* tan*«, 8heg } 


II-5. (Archemedes' Principle and flotation) 


[A] Essay type questions : 

1, State and explain Archemedes’ principle. Describe an 
experiment in support of the principle. 

What is meant by up thrust on an immersed body 7 

2. How can you find the volume ofa body with the help of 
Archemedes’ principle ? 

Distinguish between Density and Specific gravity. In what sense 
can we say specific gravity is relative density 7 

3, What is meant by ‘force of buoyancy’? Where does it act? 

Show theoretically with the help ofa simple example that the 
upthrust on an immersed body is equal to the weight of the displaced 
liquid. 
What relation has the apparent loss of weight of an immersed 
body with the fact that a liquid exerts a normal pressure on any 
surface with which it is in contact ? 

4, Find the condition that a solid will float or sink in a liquid. 
Why does a ballon filled with hydrogen or helium ascend 7 Though 
steel is heavier thrn water why does a ship made of steel float 7 


[B] Short answer type questions : 

5. Explain in which of these cases the greater part of. your body 
will remain under water—(i) breathfully inhaled, (i) breathfully 
exhaled; 

6. When a ship sinks in an ocean does it go down to the bottom 
or remain suspended somewhere ? Give the reason for your answer. 

7. The top of the tower of a submarine was just submerged when 
itwasinariver. Explain how the position will change when the 
submarine reaches the sea, 

8. Show that ‘specific gravity’ and. ‘relative density’ are 
equivalent, 

9. The specific gravity: of mercury is 13:6, What is its density 
inc.g.s. f.p.s. and m.u.s. systems 7 

10, Why in defining specific gravity, water is taken at 4°C 7 


1 
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11) Ifa body is taken to greater depths .inside a. liquid; then 
does the force of buoyancy acting on the body. changes. .. Explain 
your answer, } psbbs 

,12., "The ascent of a balloon in air illustrates thc acte of 
buoyancy "—Explain. 

13, Is centre of buoyancy’ coincides with ‘centre! of iae of 
the displaced liquid 7 
...44, _A piece of cork is embedded inside an ice block which’ floats 
in water, | What will happen to tbe level of water hen all the. ‘ice 
melts ? qu (1T. "16) 

I5. ..Does Archemedes principle hold inside a Sms P Mes ? 
Explain, 

16, ‘Does Archemedes’ principle shold’ in a satelite moving ina 
circular orbit :.- Explain, 


17. “Why does an ordinary: balloon rise to » otilink Ael ifilled 
with. hydrogen, but drops on the floor when filled with carbon-di- 
oxide ? we 

18, “Explain how. the position of ‘meta RIR Gyi ‘the 
stability.of floating bodies, 


19,» Explain why goods are loaded in the lower deck of a ship. 
220, A ship which just floats in the séa sinks when it enters the 
river ~-Explain, 

21, Sometimes a submarine which’ sinks down to a sea-bed of, 
sand or clay cannot raise itself again—Explain, 

22. When a piece of iron immersed in. mercury and. ‘then 
released: it floats up, Will this Beep in Outer space ? Give reasons, 
for your answer — 

ok aA solid, wooden cylinder is placed;in a container in contact 
with the base in such a manner. that when. water \is poured. into. the, 
container, no water can go beneath the solid. Will the cylinder float 
up? Give reason for your answer, ` ^. «H. S. d 


24 SA floating body.has no weight —Explain the, bitom. 

25. A boy is carrying à bucket of water in one hand and a nd 
in the other.- Ts tlie weight carried. by him less when he transfer Ethe 
fish to the bucket without spilling any water during the transfer ? 

(WT, °70y 

‘26, "A flatdise, a cube'ánd a sphere, all made’ dfi ifon and having 
the same mass, are immersed completely in water, Which one of them 
will experience the (i) ‘mininum buoyancy; (ii) maximun buoyaticy ? ? 

27. A ballon filled with air is weighted so that it t barely ly floats in 
water. Explain, why it sinks to the bottom baie it is’ "submerged a 
short distance im water, .- vs f 1T) T, T0173) 

13 j 
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^'08, "Explain why a’ uniform’ wooden stick "which will float 
horizontally if it isnot loaded, will float vertically if enough” weight 
is added to one end, (JE. E, °72) 


49." A boat floating in water tank carrying a number, of large 
stone, If the stones are unloaded into water, what will happen to- 
the waterdevel-? (1. 1, T. 79) 


30, , A beaker containing water is placed on the pan of a balance: 
whith shows a reading of Mg. A lump of sugar of mass mg and 
volume.V cm? is now suspended by thread in such a way that. it, is 
completely immersed in water without touching the beaker and. 
without any overflow of water. What will be the reading of the 
balance just when the lump of sugar is immersed? How will the 
reading change as time passes oni? (I. I. T. 78) 

31. A block ofice is floating in a liquid ‘Of! Specific gravity. 1'2 
contained jn a. beaker, When: the ice..melts completely, will. the 
liquid level in the beaker change ? (I, I. T, ?74) 

32. A piece of ice with a stone frozen in it floats on water kept 
in'a beaker,- Will the level.of water increase, decrease or remain the 
same when the ice completely melts ? (1. 1.7.73) 


33, Discuss, the conditions. under. which it becomes safer for a 
yessel floating on water to take in more goods and load. them to -g¢t 
fid of loads, (J.E.E. 774): 
_ 34, A man, sitting ona boat floating in a pool, drinks some 
water from the pool, ‘so that water level of the pool gets down a little, 
Is it true ? Explain with reasons, (LIT. 780) 

499. A beaker. filled with water is placed on left scale-pan of a 
balance and a piece of iron is suspended from the hook of the scale 
pan outside the beaker. This is balanced by placing weights on the 
right hand scaletpan, ‘The ‘piece is now immicrsed into water and 
weighed again! Will there bé any change ? 

36, Two bodies of equal weight and volume and having the 
same shape, except that one has an opening at the bottom and the 
oiher is sealed, are immersed | to the sarhe depth inm water. Ts less. 
Work required to immersed one than the other ; 

37. A. piece of; ice, containing: an’ air bubble; floats in 2 glass 
filled with water. How willthe levelvof water in the glass: change 
when ice melts 7 
WES Which. one: is. greater—'real weight or *apparent.weight'— 

y. ü tt 
. 39. Two identical sphere—one solid and the other hollow are 
immersed completely in water... Which one of them will experience 
greater upward thrust 7 4 adi ; 

-140 Why is it easier to move a heavy piece: of stone in water ? 
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41. . Why is it easier to swim in sea-water than in fresh water ? 


(H- S,.*80) 
42, -How does a‘ship, made of iron, float in water while a Jamp 
of iron sinks 7 ! (H. S.?80) 


43, - An egg sinks in pure water but floats in saline water —Why t 

44, Why’ are plimsoll lines different for sea water and fresh 
"water ? 

45, Two vessels aré of identical volume, Both are filled’ with 
water upto the brim, but in one of them, a block of wood is floating, 
Which vessel has greater weight p E 


C] Numerical Problems : 


46. A body weighs, 50 gin, air and. 40.g in. water. Find its 
volume, density and sp. gravity, { 10 cm*, 5g cm7*,5 ] 
47. -The .yolume ofa body.is 36 cm* and it can float; on. water 
with 3/4th, of its volume immersed, What are the. mass;and density. 
of the bedy ? ; [278,075 g cm=* ] 
48, A,piece of wood, is 5.cm long, 4.cm broad and/3\em high. 
Tf it floats on water with 2:5 cm of its hight immersed, what; will be 
the weight and density of the piece ?. B. S. ?83) 
b. db. [ 50,2, 0.83 g em ^] 
49, The mass;of a piece of alloy, made, of iron) and ‘copper, is: 
30 g and its volume is 30 cm$. Find the volume of copper and iron. 
‘Sp. gr. of copper — 8:89 and that of iron = 1137. _ {Tripura H, S, ?80) 
i . [8'5.¢m*, 21:5 cm3], 
450, Avsteamer weighs 10 metric.tonne, When it enters into a 
‘sweet water Jake from. the, sea, if displaces 50. litres. more. water. 
What.is the. density of sea-water ?. 1 litre of. water weighs 1 kg, 
(H. S. 82), (1004.g cm7*] 
51 -A silyer ingot weighing 2'1 kg is held by a‘string so as to be 
completely immersed in a liquied of density 0:8 gcmp#, Find. the; 
tension in the string, . (Density of silver is 105 g cmz*.). 1- [194 kef] 
52. A specific gravity bottle completely filled with water, mercury 
‘and with copper sulphate solution weighs respectively 45 g, 297 8 
and 49,g. Calculate the density of the solution, that of mercury being 
13.6 g em-?, GH. $,*60) .[.1.2g em7*:] 
53, -A piece of cork weighing 19 g is attached to a bar of silver 
‘whose weight is.63. g and the combination, is found to just float in 
water. Find e Sp. gr of cork, assuming that of Agente 6. 
Calculate,also the weight of the combination in a liquid of sp. gr. 9.9. 
5 | «(He 167.) 6.0.25, 164 8] 
54, A. cubical | blóck of wood 10 cm along each side floats at the 
interface between an oil and water with itslower surface, 2.0m below 
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the ‘interface, The heights of the oil and water column are 10 cm ^ 
each,^ The density of oil is 0.8 gcm-*, (i) what is the mass of 
the block? (ii) what. is the pressure. at: the lower surface of the 
block ? (L I, T. ?77) (840 g, 1043,6 cm of water } 


» 93. A dilute H,SO, acid has specific gravity 1,28 and contains. 
10% H,SO, by weight, Find the amount in gramme. of H,SO, in 
the acid, { 51.2] 
. 56, A. glass capillary tube weighs 4.576 g. A thread of mercury 
is drawn into the tube. which then weighs 4,925 g. The length of 
mercury thread as measured by travelling microscope is 3,435 cm, 
Assuming the capillary bore to be unifrom, find the diameter of the 


bore Given sp. gr. of mercury = 13 6, [.0.9757 mm,] 
57. 10b of a liquid of Sp. gr. 1.25 is mixed with 6 Ib of liquid of 
SP. gr. 1.15. What is:the sp; Br. of the mixture p (1214] 


58. The density of ice is 0.918 g cm7* and that of sea water is 
l'03g cm-3. What is the total volume of an ice burg which floats 
with’ 700 cm* exposed ? [ 6437.5 cm* J 


59. When equal volumes of alcohol and water are mixed, tbe 
volumé of the mixtüre is 96% of the origaial volume. Find the sp. gr. 
of the mixture, if the sp. gr, of alcohol is 0,76, $ [0.92] 


60. ` A hollow sphere has ah internal and external diameters of 

10 cm and 12 cm respectively. If it floats in a liquid of density 
12 gems just fully immersed, find the density of the ‘material of 
the sphere, o [2.84 g cem: * ] 
, 61. A thin cylindrical vessel of diameter 10 cm and height 15 cm 
contains 200 Cm? of water, The weight of the vessel alone is 114 g. 
The ‘cylindrical vessel with: its contents are placed i&i'a large trough. 
Water: is^ now’ poured. geadually into the trough, -Whàt is the 
maximum height to which water can be poured iu the trough before 
tlie vessel’ begins to rise » (117.770) (4cm] 


62. A piece of cork of sp; gr! 0.25 and a metallic piece of sp. gr.. 
8:0 are boünd together, If the combination neithér floats not sinks 
in alcohol of Sp. gr. 0.8, calculate the ratio of the masses of cork and 
metal, i lon (J. E, E.^81) (9:22). 
.. 63." A sphere of radiüs 1 cm sinks “in water but floats just 
immersed if a layer of wax 2mm thick be’ given on it; If the density 
of wax be 0,8 8 6m-?, what is the density of the material of the 
sphere p 1 ę ; " [ 1:20 g cm~? ] 

64.' A man and'a stone afe floating on a raft in a swimming 
Pool 10 m longand' 5 m wide; ^ The Stone weighs 40 kg and has’ a 
Specific: gravity 3:0, If the man drops the stone off from ráft into: 
the pool, by how much will the water level on the side of the pool 
rise or fall p -> "m i (J0E,.B,?73)) [0:53 cm fall J; 
"765. "An ornament” is-suspected to be hollow. It weighs 288.75 g. 
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in air and 258,75 g in Water, If the sp pr. of the material of the 
ornament | be-10,5; calculate the volume of the cavity of the ornament, 
( ot off (H.8.*695 p2/5em*] 
,. 66. A gold ring fitted with a'stone weighs 5 g in air and 425g 
in water. "The sp. gravities of gold and stone are 193 and 2,5 
respectively. Calculate the lamcunt of stone in the ring. [1418] 


67," When equal volumes of two substances are mixed together, 
the sp; ‘gr. of the mixture is 4.84. But when equal weights of the 
same ‘substances are mixed together, the sp, gr. of the mixture is 
228. Find the sp, gravities of the two substances, [ 8.36, 1.327 

68. Two identical cylindrical versels with. their bases at. the 
same level each contain a liquid of density p. The height of. the 
liquid in one vessel is h, and that in the otheris h.. The area of 
either baseis A, What is the work done by. gravity ‘in equilising the 
levels when two vessels are connected p or LIT'80) 

^s If Apeh In */4 ] 

69." A wooden plank of length 1 m and unifrom cross-section is 
hinged’ at one end to the bottom ofa tank, The tank is filled with 
water upto a height 0.5 m, The sp: ‘gr. of the plank is 0°5, Find the 
angle @ that the plank makes with the vertical in the eqilibrium 
position (exclude the case g=0°), — . (T. T. T, 784) | 45°; 

70, A rubber ball .with.a mass.m and a.radius Ròs submerged 
into water to a depth A and released. What height will the ball 
jump up above the surface of water? Neglect resistance of air and 
water. Density of water is p. [ (Sz R^ 2— m)h/m ] 

71. A'solid cubical’ block of side a, made of unifrom material of 
sp. gr. S (1), is held just above the water surface’ in a large’ ves:el, 
the: Jcwer, horizontal face of the cube justitouching the water surface, 
Prove that when the'cube sinks down só that a depthix is irm erséd, 
the potential. energy of. water and the. block |increases £ by 
W(x" — 2x as)/2 as, where. W. is the weight of the, block,... Show that 
the equilibrium position of the block when «it. is floating ..freeyy 
corresponds to a minimum value of this potential energy./ eit 3 


72. Two cylinders of .same.cross-section and. length 1 but made.of, 
two, meterials of densities p, and P, are connected joguibes to form a 
cylinder 2), Jf the conbination floats in water with a length 1/2 aboye 
the surface of water, show that if p,>p, and the density of water 
be unity, then »,>3/4. Show also that the equilibrium is unstable 
if the heavier part of the cylinder is at the tap. €% 09^ (J. E, E, 82) 

73. vA. solid floats: on» the {boundary between two. non-miscible 
liquids, The density of the upper liquid is £,.that of the lower is p,. 
The density of the material of the solid is p. (P, «p, ).. What. 
fractions of the volume of the solid will be above and below the 
boundary of the liquids = ^" ^ ^ 7$ [5 Aa basta J 

p.—P, P,—p,À 


gp PROPERTIES OF: MATTER 


oue 14 A rodzof length 6 m hasa mass of 12 kg... It is^ hinged: at 
` Sas vend atii ao distance ‘of 3 m;below of watet:serface: (i) -— 
weight: must be‘attached to the other end of the rod.so that 5m pr! 
E head are submerged ? (ii) Find;the magnitude and. dircetion. o 
the force exerted by the hinge on the rod. Sp gr, of the material, x 
the rod=0°5, (I, 1. 1.776). [ 2:33 kg, 5°67 kaf ] 
475. A flat bottomed thin walled glass tube has a diameter ot 
‘cm and it weighs 30g The centre of gravity of the empty tube is 
cm above the botas Find the amount of water which. must te 
poured in the tube so that when dt is floating vertically in ,a;-tank) T 
water, the centre of gravity of the tube and its contents is at the mig 
Point of the immersed length’ of the tube. (LIT 68) - ( 110 Er 
.16. When à body is immersed in three liquids of sp. grayities 
» Sa and S, respectively, its apparent weights are,w,,.W,..and Wa: 
Show that S, (wa —ws)+S.(w, Twa) +S (w, -w,)= 0. 3 
KT A body floats in a liquid of sp, gr, S, with a pa 
“fraction f of its vo ne immersed, In. another, liquid of sp. gt.oSs i 
‘floats with a Faction (1 —f) of its volu ne immersed, Show. that Ha 
3p. Br. of the solidis S S, (S "s 9 n 


; 


1r6 (Pneumatics ana atmospheric pressure) 
T4] Essay type, questions : 


, iL... ‘Gases have weight and exert pressure’—explain the statement 
with suitable experiments, 
. 2. .Whatvis meant by atmospheric: pressure ? How do we express 
1t2. "What is meant)by standard ‘atmospheric: pressure 2: s x 
ics SHOW" did'Pötricëlli prove that*it lis atmospheric: pieron 
which'/supports'à éólumn of mercury in an evacuated "tube ? WE 
Torricellian vacuum'p E E EU P 
4. What is d barometer » Describe a Fortin's barometer and 
explain 'how'atmospheric pressure can ‘be ‘ineasured with it, Beye” 
|. What are-the requisites of a Suitable barometric liquid ? How 
can’ height be measured by noting change of pressure ? ü 


(BY Short answer type.questions ai x hide 
agis. don mean’ by standard atmospheric ipressures? - ET 
ophere 1-9 LOU fnedti^by. "fl^ height’ - f^ flomogénebls 
atimosp here'p> What /is its m Made 10 loros. XU I : : 
8. How acan . weather Ofecasiing be' made from . barometric 
"observa : 


n 
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$ » What .are.;the advantages, of using mercury as a barometric 
liquid ? j à ‘ i 
10, What are the disadvantages of using water as a barometric 
liquid‘? 
11. What is Torricellian vacuum ọ Is it.perfect)y yacuumy? 
12, “The atmospheric pressure at a place is, 760 mm of mercury” 
— What do you understand by this statement f. (H..8.778) 
',43. A glass fube 1 m long and closed at one end, is filled with 
mercury and then inverted. over, a trough of mercury, with the open 
end dipping into the mercury in the trough, in a. yertical position— 
Explan with reason what will happen.. Is there be any difference if a 
wider tube is taken, ' Wiss, dirae WE 
Further if the glass-tube is gradually filted what will happen to the 
mercury column? ^ l 1 16d summ ud IO TEST 
14, Is Archemedes' principle applicable to gases? | Illustrate 
with:süitable:experiment, ft sc Non 335 t Ar 
15; A large’ glass bulb is balánced by à small brass weight in à 
sen‘itive beam balance, . State and explain what will hap pp the, 
POL T 72) 


balance is covered by a bell jar which is then evacuated 
(16, A “ball floats | on! athe surface of water in a-vessel exposed to 
atmosphere; Will the’ball remain immersed at “its former'cepth or. 
will it sink or rise if the vessel-is covered and the air is’ (i) removed, 
(iü) compressed ? plhosidàJ qaad bis SONS» ac 
17. A hallów glass sphere, containing atmospheric air, is weighed 
án'airby-a. balance. The sphere is then broken and the broken 
pieces afe ‘carefully ‘collected (none being Jost) and weighed again 
in air. Will thére be ‘any difference "in the two "weights 7’ "Give 
rea«onsforyouransWer. — ^ tus fd i450 (EE 
18, A. thin-walled balloon “weighs equaly, when, deflated and, 
inflated with air, Why it is so? If the weighings are done in 
vaccumy will theyibe equal ?!: isd AY ALE 
49. "Why it i$ riécessary^to mention the temperature, latitude and 
height relative to'sea level in defining atmospheric pressure, ^ 
20, How does the reading of a barometer change if it is within 
a vessel from which air'is sucked out by an exhaust pump 7 ditur 
;.21. ).A gas ballon rises. upwards gaining both kine ic and potential. 
energy, -Does „this imply à violation of principle of conseryation of 
nergy ? Explain your answer with reasons, 
22. |How do you account for the facts, that one kg of cotton 
appears to be lighter than one kg of iron ? ; 
123, What would you conclude A you bise s 
mercury column of a bar ey is. $ 


hei t of th AS 5 Whe 
Mine eU Situ shin Seed a 
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240A man carries dayre ‘tube ánd' decides to make it lighter.. 
He inflats the tube thus increasing the volume, Will his aim be 
achieved? d s os volow 2 sogaieavberib od 


[C] Numerical Problems:©) ' ^'^ 
,25. If the height of à mercury barometer is 75. cm, what, will be 
thé height of a water barometer p Density of mercury = 13.6 g cm-®, 
"nw 1 10 3*4 D? [ 10,34 m ] 
26. Find the mogüitude of the atmospheric pressure in the c, g. s. 
system, *'g''at the place—980'cm s-* and the density of mercury 
213.6 g cm-?, (H:$,761) [ 1013x109 dyn cm-*] 
27, If the height. of water barometer be 32. ft, what will be the 
height of glycerine barometer ? sp. gr. of glycerine —1.25. 
Sia T Tripura H, S.’80,) [ 25.6,ft | 
28. A toy balloon is to be filled with «hydrogen: ( density; 
70.09 gl7* ), i empty, the balloon weighs 5,8 g, What volume 
in litres of hydrogen at normal pressure is required to make the 
balloon just rise when the density of air is 1,25 gl-* 2. [ 5 litre J 


5129. The .materical. of a) balloon weighs 100 g; It is filled with 
hydrogen at atmospheric pressure. Jf the volume. of the balloon is 
100 litre, calculate. the tension-ia the cord. with which the balloon is. 
attached to the ground, Given density of air at atmospheric pressure) 
= 1,29 gl-*, density of hydrogen at atmospheric pressure yt 

A S c pak > e 3 IS W T 0 gf. ] 

30, A barometer. is used to determine the height of a mountain, 
It was observed that the barometer. reads 760 mm .at.;sea, level and. 
| oo MM» at the top of the mountain, Assuming the average density 
_ Of air'to be 1.24 gl-* and deusity of mercury to be 13.6 g cm-^, 
calculate the height of the mountain’ [1020 m ] 


ji 31, A barometer reads 760 mm at: theogrownd floor ofa tall 
building 102 m high. | What will it read.at the top. of the, building 7 
| Density of mércury = 13.6 gcm-? and that of air (average) = 1,24 gl71. 
| aia RORY Quia docdaf NaS a Sep L.730.7 mm J 
| 32. A, balfoon is descending with a uniform acceieration a (— g).. 
Weight of the balloon with the busket and its contents is W. What 
Weight of the ballast should. be released so that the balloon will begin 
to rise with the same unifrom acceleration a ? Neglect air resistance, 
T T ay 2Wa'} 

ot H [5 ] 


4:33; A, balloon filled with hi drogen has a volume of 1000 litre and 
its mass is 
tefial ‘which 
( 


What would be the volume of a block of a very light 


mai 


La 91:3 g. 


yh MORE RS 
| it can just lifti? Ore litre of this material has a mass 
Density of aire 1/3 gi ) (1. T. T. "5j 1333 litre ] 


. I 
| 
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-34, "The height of a barometer is 30 inch and the Torricellian 
vacuum above mercury column is 1 inch long, A quantity of air 
which occupies 1 inch of the barometer tube under atmospheric 
pressure is introduced into the barometer. What will be the ‘height 
of mercury column in the barometer now ? [ 25 inch ] 


35. When a faulty barometer, reads 285 inch and 29,5 inch, 
a true barometer reads 29.5 inch and 30,7 inch respectively. What 
is the true barometric height when the faulty barometer reads 
29.9 inch 7 [ 31.2 inch ] 


36; 'A bottle with its mouth^down-words in sunk into a pond, 
Initially the bottle contained 320 cm® of air and the weight of the 
empty bottle is 400 g and the density of glassis 2.5.g cm7?,— When 
the bottle is taken to certain depth and released, it sinks and does 
not float up. If the'atmospheric'pressure be 10,5 tn of water, show 
that the depth of the pond is greater than 3.5 m, (3! BPE. 769 ) 


37. Find the depth of the lake such that ai air bubble diminishes 
to half its volume at the surface; the atmospheric pressure is 76 cm 
and density of Hg = 13:6 g cm^?, L 1033°6 cm ] 


38. A vertical cylinder of total ‘length 100 cm is closed at the 
lower end and is fitted with a movable, frictionless, gas-tight dise at 
the other end, An ideal gas is trapped under the disc. . Initially the 
height of the gas column is 90.cm, when the disc is in. equilibrium 
between the gas and the atmosphere, Mercury is then slowly poured 
on top of the dise and it just starts overflowing when the disc has 
descended through 30cm, Find atmospheric pressure, (LT.T, 71) 

( 76 115 cm Hg] 


39, .A; bottle whose: volume: is 800:ci9 is sunk; mouth down- 
wards below) the surface ofa pond, How far mustitbe'sunk for 
300 cm of water to run iato the bottle?’ Given barometric 
height =76 cm Hg and density of mercury 2136 gcm-%, [62m] 


40, An ideal gas is trapped between a mercury column: and, the 
closed lower end of a narrow tube of uniform bore. The upper end 
of the tube is open to the atmosphere. Thee length jofsthe mercury 
and the trapped gas columns are 20 cm and 43 cm do ala 
What will be the length of the gas column when the tube is tilted 
slowly is a vertical plane through an angle of 60? p [48 cm} 


II-7 (Some hydrostatic and pneumetic appliances) 
[A] Essay type questions : Phares Oe o 
- 4, ‘Explaid the action of a Siphon. For what'purpose is it used p 
Under what conditions does a siphon fail to & "rtm e 


22 PROPERTIES OF MATTER 


2, Describe the action,.of.a piston pump. that can draw water 
from à well. Why is there a limit to the depth of the water level up 
to which the pump will act ? 

| How would | you alter the construction of the pump so that it can 
lift. water to heights greater:than the above limit. 

.3.. Describe the. actions of a yacuum air pump and an air 
compression pump. Why should the valves.of air pump be light t 


[B] Short answer type questions : 


» 4. Cana liquid be raised.to a vessel placed at a higher level with 
the help of a siphon » 


5. Cana sipnon work in vacuum p 


j 6, Explain why water in the bottom of a floating boat cannot be 
siphoned over the side, 


7. A small hole exists.on the longer arm of a siphon, . Show that 
whether the siphon will function or not is determined by the location 
of the, hole, 


,; 8. What is the highest, limit of vacuüm that a (i) vacuum pump 
(ii) „rotary pump can. produced y 


! 9: eTfthe atmospheric presseure changes, will the rate of flow of 
liquid. through a siphon undergo any change ? Explain your RA 
: z RE & (H. S. *82) 


10. Can an. enclousure' be completely evacuated by an exhaust 
pump e 


A1. Sometimes a suction pump-.does not work properly.’ But 
when,some water is poured on to the top-ofithe piston, the pump 
starts, working, Why? . 


. 12. "What modifications will render an air exhaust pump into a 
bi-cycle pump? 


[6j ‘Numerical. Problems: " 


13, A liquid of sp. gr. 1.7 is contained in.a (ank of height 23 ft. 
"Calculate the minimum height for which it is just possible by. siphon 
action to bring the liquid out of the tank, Atmospheric pressure 
= 30 inch Hg, [ 3 ft. J 


14.0 The itworarms: of a:siphon:having/an internal radius of 1 inch 

‘and 20 inch in length respectively, The shorter arm is immersed in 
`a liquid upto a depth of 6 inch. It g= 32.ftsz?, find«the velocity of 
Of flow of the liquid. and. also the volume of the liquid discharging 
through the siphon in L second, Te cep o£ 8 ft s-7, 0.174 fi J 


EXERCISES 203: 


15. The cross-sectional area of the vessels X and Y are 
respectively 75 cm* and 150 cm*, The vessel X is 4 cm higher than 
the vessel Y. 1.5 litre of water are poured in the vessel X and 
0.35 litre in Y. What is the maximum amount of water that can be 
siphoned out from the vessel X to the vessel Y ? [ 0.80 litre ] 


16. A lift pump is used to lift oil of sp.gr. 0.8 through a 
maximum height, Find the height if the mercury of the barometer 
stands to a height of 76 cm, Density of mercury = 13.6 g cm". 

[1292 m] 

17, When the piston of air pump moves 5 times the pressure 
reduces to 25 iuch from 30 inch. What would be the pressure after 
15 stroks ? [ 17.36 inch ES 


18. A rubber bladder is in a completely deflated state When 
the air pressure in the bladder becomes equal to and double than the 
atmospheric pressure, its volume becomes 1000 cm® and 1200 cm” 
respectively, An air compression pump, whose barrel has an effective 
volume of 200 cm® is connected to the bladder, How many strokes 
of the pump will be necessary to make the air-pressure in the bladder 
equal to and double than the atmospheric pressure ? £424 


19, After four strokes, the density of the air in the receiver of 
an air pump is found to bear to its original density the ratio of 256 to 
625, What is the ratio of the volume of air in the barrel and 
receiver ? [1:4] 

20, The volume ofa bi-cycle tube is 100 inch® and that of its 
barrel is 10 inch8, How many strokes will be necessary to make the: 
pressure of the tube double than that of atmosphere ? It may be 
assumed that when inflated, the volume of the tyre increases by 1 hy 

{il}: 

21. If the volume of the barrel of a vacuum pump is 1/3 of the 
volume of the vessel to be exhusted, what fraction of the initial 
pressure will remain in the vessel after 5 strokes ? 19237]. 


22. If the volume of a receiver of an air pump is n times that of 
the piston, after how many strokes would the densisy of air be 
one-third 7 [3] 

_ 23, A bicycle pump is used to pump air into the tyre of a 
bicycle. The volume of the tyre is 2 litre. If the cross-sectional area 
of the pump be 5 cm? and the length of each strokes of the piston be 
20 cm, what will be the air pressure in the tyre after 40 strokes p 
Initial pressure of air in the tyre was 75 cm Hg. (( 225 cm Hg]. 
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PART III 


Vibrations and waves 
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VIBRATIONS AND WAVES 
HIA 


Simple Harmonic Motion 


IIL.1.1 Periodic. motion. All motions in the oda viola is 
either. linear, or, periodic. In Chapters I-1.1 to I-1.4 all motions discussed 
had been linear. In the following two, they have been rotational, 


The latter motion... repeats, itself after definite intervals of time ; n they are. . 


periodic. There are plenty,of others; in fact most: of the motions we 
come across are such. Spinning of a top or our earth, motion of planets 
and. satellites, electrons in an atom, your journey to your school and 


back. or, your heartbeat, all types of vibrations, whirring of your fan) 


blades—their number is endless. The simplest of them is the S.H.M. 
III-1.2, Simple harmonie motion, The, relation. between, the 


particle displacement and the time required for it, may be quite complex, - 


in.a periodic motion. It depends on the acting forces, that produce the 
displacements. The motion in which the above relation i is the simplest is 
jor simple harmonie motion or SH. M. in brief (already introduced 
in $1-5.9) Besides, any periodic motion however complex, may be 
expressed as the sum (or Superposition) of the right number of'S.H.M.s 
with appropriate amplitudes. and frequencies. o (This result is known as 
Foutier’s theorem ;..but.the theorem cannot be intelligently digoaget at 
this:stage-of'our study) 


Definition of S.H.M. It can be defined in éwo "ways ; kinematic and | 


kinetic — TE 
(i) The projection of a uniform . circular Motion om sigid" s is 
called a simple harmonic LV de^ pr P2 
p We. have barnt that oo cq Mm I Ligas E r$ 
in $ 15.9. Modan va ; 
(i) If a particle is (P) Fig. 10-11 
acted on by a force (F), proportional to the particle | displacement (x) 
and is always directed towards the normal position of rest (O) of 


wt 


1 —_ 


Á 2 s. H.M. 3 


the particle (fig. IFL1) the motion that occurs is called simple 

harmonie motion. This is the kinetic definition. (A force of the 

above kind is called a linear, restoring force. By the term ‘linear’ we mean 

propotional to particle displacement. ‘Restoring’ means trying to bring 
_ the particle back to its normal position) Look up eqn 15.10.10. 

The two definifiong lóok very different, but both represent the same 
motion, and we can go to one from the other. The first one gives the 
characteristics of the motion very easily, but does not say anything about 
the nature of the force that causes the motion. It is the kinematic or 
geometrical definition. The second definition deals with the nature of 
the force causing the motion. It is the dynamical or physical definition. 

To the beginner, the first definition is more helpful. But to the student 
of physics who has advanced a little in the subject, the second definition is 

` bettet. In older textbooks, SHM was generally introduced by presenting 
the characteristic features of its motion. Then it wab shown that the 
Projection of a uniform circular motion has that character. That is what. 
we have done before. But this approach should no longer continues 
SHM should be' defined kinetically or b; gaps ad and the ae 
determined from the definition. 
" Characteristics of S.H.M. From the kinetic definition, it follows 
that vegr t 

(i) the force baing à restoring one, it must always be opposite in 

ditestion to that of the displacement and 


(ài)... the force being linear, it must be proportional to its displacement 
from the equilibrium position. Eqn I-5.10.10 shows that F= -mo *g. 

These properties lead to the facts that follow— 

(iii) "Motion must’ Vanish at & certain displacement from the mean 
position which may be on either side of it. This means that the motion | 
must be periodic; and rectilinear 1.6. repéating along a straight-line, 

(iv) At the farthest displacement (=a) velocity is zero and the 

restoring foree maximum. Eqn: 1-5.10.18. has given us’ » 
X Á =o, a? a’ —z? j 

5 1-1. 3. Differential Equation of S.H.M. and its Solution : "We 

can straightway convert. the kinetiesdefinition into a differ entialequation - 
for S.H.M. i : 
E z is b Aisplademént at any instant, we mày write i 

; AN i5 evevegr-3,8:)5 
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where F is the force acting at that moment,’ ünd k, the factor of propor- 
tionality between the force and the displacement. X is therefore, the 
Spring factor or force const ie. the force per unit displacement. The 
negative sign indicates that F and are oppositely directed. 

But force =mass X acceleration. In writing an equation of motion, 
the acting forces are equated to the inertial reaction (ie., massX 


acceleration), 
s Ba j : 
F=m a where m is the mass of the moving--body. 


d 
We, therefore, have as the equation of motion 
de. d's ik 3) £00 B Gers tools Eur 
mx ke or ds a o (writing o? for k/m) 
da 2), —(] x io) nig i 
Hence --a'g-0 (I11-1.8.9) 
To solve this equation multiply both quantites by 2 dm/di. ~~ 
7 2 
Denoting instantaneous velocity by v, we have D. and tee 
E ag de de... aut a a 
sear 9 ar dg o?r ori w di w ot” 
or A v=o eras Integrating we get 
$o?——3o0 aie or) v? — ?g^ FC 


where C is the integration constant. To find its value let «=a when 
v=0, (From the known nature of 8.H.M., we can “identity aas the 
amplitude). 
0— —o*a? t0, or C=07a’. - 
Hence’. o= + Jo*(a*— z?) | or ee to Ja? =a à 
abii? i» dol 

a lil E AE s 
J@-o) “awl-a je 

Taking, the expression with the positive sigu.and integrating, we get 


get - 


Sin^* 5 cote or £—a sin (wt-+€) [Refer to eqn 0-2.7-7] 


where € is an integration constant. 


BiU MUERE £0 0500 oo LL ETO 
x This the well known differential equation for S.H. Me In your Maths Paper 
TI you shall follow this deduction. LIS -= x 


[^ 


4 S. H. M. 
With the negative sign we are led, on integration, to the result 
cos * S atte or 2-a cos (ote). [eqn 0-9.7.8] 
Thus the solution of the differential equation gives the displacement " 
2a sin (ot t€) (111-1.3,3) 
or =a cos (otte) (IL-1 8.4). 


Look up equations I-5.10,8 and 4. Clearly a is the amplitude and € the 


phase angle at the initial moment; the two integration ‘constants arising 
out of two integrations. 


'. velocity v=% -ua cos (wt +€) 


=o Ja[1—sin(ott)]=0 Ja! — a* (I1-1.8.5) 
and acceleration . 18a- oa sin (o@tt6) =- ox (IIT.3.6) 


See that the solutións aro same as equations I-5,10.7. and 540:8: 
In $15.10 we had started with expressions for displacement of S.H.M. and 
ended up in that forthe fórée, ^ Here we have just -gone the reverse way. 
Hence the twodefinitions of S.H.M. we started with, are entirely equivalent. 
In fig III-1.2 are shown. their graphical ‘représentations. If the. particle 
starts from D and moves towards A (equivalent to D towards B) the 
the sine curve occurs; ie. at £—0, 2-8, On the other hand, starting from 


BA 
SEEN ANN 
* z^ AS Dia 01 th P 
Oat wie Al F t 

MSL z I 
10 O0 T4 TY? 3] 71 ST 31 
c 4 4v. 2 
Fig. III-1:2 


A and moving towards D (equivalent to moving from B to D) it is the 
cosine curve ; ie. at 4£—0, 2—0,. i 
Time-Period in S.H.M. The motion analysed is periodic, The 
periodic time is given by : : 
di q- oa, A eur QII-18.7) 
[^] j 


k 
CN 
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c. Te). J mess of the moving body body _ (111-1.3.8) 


force per unit displacement 
=2n AUNT Inertia factor (IIT-1.8,9) 
spring pring factor 
“Sn Mischa earl (II1-1.8.10) 


acéeleration at unit distance 


Tô prove it Tett increase by T—2z/o. If the values of z at the 
Thebanus t and tF T be represented by.2; and 2147, we have 
m=a sin (ot-E€), 
and 27774 sin To(t--T)-d 
=a sin (of +20 +6) 
=a sin (at 4-€) 22. 
So, the yalues.of œ repeat themselves at intervals of T=2r/w. In 
the same way it may be shown that the values of the NUS v=da/dt 
repeat themselyes after the same interval. 


Example III-I.: A body in &H.M. has. an amplitude of.5.cm and a mass 
of 10 g. The restoring force acting on it at the end of its swing is 1000 dynes. 
Calculate the periodic time. 


Solution: The restoring force per unit FIT IP ENS 1009/5 203 dynes. 
Hence the acceleration at unit distance 200/10 20 cm/s?, 


II.1.4 Examples of S.H.M. In many physical problems we find 
linea restoring forces. Remember that the motion in all such cases will 
be. simple harmonie with periodic times given by Eq III-1.3.7. to .10. A 
number of such examples are discussed below. 

(i) The simple pendulum. A heavy particle ne by a 
weightless, inextenst ble and perfectly flezible string constitutes a simple 
pendulum, We. haye already discussed this motion before, in I-5.11 and 
/deduced the time period of vibration in equations 0-1.9.1 and 1- 5. 11.1 

(i). Compound pendulum. Ina simple pendulum, conditions are 
idealized. The mass is considered concentrated at.a point. The string 
is weightless, inextensible and perfectly flexible. 

Such conditions cannot be realized in practice. Tn ‘all actual cases 
ie. a body ‘oscillates in the manner of a pendulum, the mass is distri- 
“puted and not concentrated. i ; 

Any rigid body capable of oscillation Pole a horizontal avis under 
gravity is a physical or compound pendulum. Let the axis, pass 


6 S.H.M. 


through O (Fig. III-1,3) at a distance | from the centre of gravity G of the 
TRA body (0G—1), It^0 is the angular 
displacement of the body at any 
moment from its equilibrium Position, 
and m its mass" the restoring force 
is mg sin 0. The restoring couple 
is, therefore, mgl.sin 6. Tet I be 
the moment of inertia of the. body: 
about the axis of rotation through Q. 
Since, for a rotating body, moment 
of — inertia X angular ^ acceleration 
— couple acting, we may write 


2 
T oa -mg sin 6. 


: The negative sign indicates that 
Fig 0113 the couple and the displacement 
are oppositely directed. When @ is very small, we may replace sin 8 
by 6 (in radians) The above equation then reduces to 


R d*6 i mgl 
173- — molo or. I) + mgle=0 or, ain 


The periodic time = 2x/a=2x//mgl/T 
| QUÉ iR Tom (O-1.4.1) 


Ex: III-L2. Two simple pendulums of lengths 24 in. aiid 25 in. respectively 
hang vertically, one in front of the other. If they are set in motion simulta- 
neously, find the time taken for one to gain a complete oscillation on. the. other 

49-32 ft/sec*,) 
l Solution : Binoe To Jl, we shall have 1,*/7,?=1,/1,=25/24. Tt uer 
Occurs after » oscillations of the slower, Tan= T, (1) or TaT, - (01/5)? 
oe Aif)" = h jl, =25/24 or (i +1/n)= NT+1/24=141/48 
(0 4. 248. The faster will have executed 49 oscillations. For the faster, 
T, 971/3133. x [9 152 sec, -. "The required time=49 x 1:57=77 sec nearly. 


(iii) Motion of a vertical loaded elastic string. We have already 
‘discussed the vibrations of a spring in OhaplL3. Consider a string 
of length L and negligible weight hanging vertically from a fixed support 
and having a load of mass M at its lower end. The string extends some- 
what, and the ihereasea tension in it supports the load, as we have seen 
already. | sroga 3 


EE 
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Let the load be pulled downwards through a smat additional vertical 
distance % from this position (fig. III-1.4). The - Y 
string will exert à ‘restoring pull on. the. ‘oad 
which, for small extensions, is proportional io 
the extension (by. Hooke's law). The additional 
upward pull on the load will therefore be. sc, 
where s is the pull per unit extension of the 
string. If the mass M "stretched the string 
initially by a length.a, then: Mj—sa where s is _ 
the spring const i. e. force per "unit displace- 
ment. ‘The acceleration at unit ex tension’»is 
s/M=g/a. Hence from Eq. III-1.3.7 the period 

T=9n/ Jgla—2x Jalg (IT-1.4.9) 

The mass M executes an S.H:M. about ‘its at y 
normal position of rest with this periodic time, oH mow: vn ims 
which equals that of a simple pendulum of length ' a. iie 

Ex. III-L3 A body of mass 100 g ‘stretches a vertical- spiral Spring by 
0,5 em. If it is set into vertical oscillations. of posi amplitude, what is the 
periodie time of the oscillation ? ' 

Solution: Assuming that the. extension. of a spring. is, proportional to, the 
force, the force required to produce .an extension; of 1 em. is 100, gm-wt/0'5 
=200 gm-wt-200.g dynes. Hence the. acceleration of, the. body sat; unit 


distance= force/mass=200g/100=2g. 
Time period —2«[ 3g 


\¥ 


Ex. II-1.4. A point mass m is suspended froma massless wire of length 
l and .eross section A, If Y is the Young's modulus for the material of the wire 
find an expression for the frequency for vertical S.H.M. [LI.T. '78] 

Solution :' From the foregoing analysis you establish‘ that par 


T2 Ja]g.. Now by definition Yamal 
^ alg=ml/YA or Te? mI[YA 5 2 d i 


or , Frequency n-1|To- iu 


(Ex. IL-45; -A mass M at the end of an elastic thread ‘Execlites a vertical 
&.H.M. With an additional mass m, time period changes in the ratio 5/4. Find 
the ratio of the masses. 

Solution : If a, and a, be; the initial elongations of the thread due to the 
masses M and (M+m) and the corresponding. periode are T, and T, then from 
egn; IJI-1,4.2 we have 


TyITs=4/5=Jayfa, O a4[aa 16/25 


S. H.M. - 


Again if A be the cross-section, ^ the length and Y the Young's modulus of - 
the material of the thread then : f 


a, MglYA | M. 16 " 
a ana. CAMUYAT rats s ero mIM-9no 
Ex. III-.6. A motor car has a mass of 1000 kg while of a passenger the same ; 
is 60 kg. When thé person gets in, the O,G. of the caris depressed by 0:3 em, 


What is the frequency of the empty ear ? |! (J.B-E. '84] 
Solution: The spring const. k= Fja= A =196x 10! N/m 


a) WAM 498 RIOT Sy 
Now frequency T EC le 05 2.22]8 
_ Ex. II A mass attached fto a spring oscillates in. 2s. If the massis 
increased by 2 kg. the'period increases by 18, Find the initial mass if Hooke's 
law holds, j L.LLT. '79] 
(Solution: Let the initial mass be M. If is acceleration is f then 


Mf ~ kx from Hooke's law where kis. the. force constant, Now then 
f= - (FM) and so T= 2x VTi 


Again To?r Ame or TIT- 3B VOCE 


) 
* 


Denk rira- or M= 1.6 kg. 


Problem’: A helical Spring elongates’ under a tension of 5 * 105 dyn." Find 
‘the load necéssary to make it vibrate twice per sec, If ‘the amplitude be 1em 


‘find also the maximum velocity, (Ans; 317g.; 12:5 emyjs. ) [J.E.E. 79] 
(iv) Floating cylinder. Consider a cylinder of mass M and area 
A of cross-section « floating vertically in 


a liquid of dénsity p, being immersed to 
a length], If it is depressed a distance 7 
below. its position of rest, it will. displace 

, & further mass «gp of the liquid and hence 

` experienee an^ upthrust of 4zpg dynes ( fig. 
-1.5 ) sa uT 

This is a restoring force which is 
proportional to the displacement. The 

I--B-IZCHMIII resulting | motion. is, therefore, | simple 

SESE 2 Sol beirmonto: De ojos ga ‘unit displacement 

is «pg. From Eq. TIT-1.3.8., the: periodic 

time is given by 


EN v i. sb (iris 
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Due to viscous friction with the liquid, the motion of the cylinder 
falls off rapidly in amplitude, and soon dies out. Time period is that of a 
simple. pendulum ‘of length equal to that of the BOVEM «| length. 


Problem: (i) A test-tube of external diameter 2 cm., and weighing 4 g is 
floated vertically in water by placing 12 g of mercury in the tube. Find the time 
of oscillation when the tube is depressed by a small amount and then releassd. 


[ Hint. Ares of cross-section 2s cm?. Depth of immersion /=16/ cm] 
(Ans. 0458) 


(2) +A rectangular wooden block of 10 em? cross-section floats with 200 ce, of 
it below water. Find its period of vibration. (Ans. llis) [J.E.E.] 


(v). Liquid in a U.tübe. “Lèt there be a column of liquid of total 
length J in a U-tube of uniform cross-section i 
^a, Tf p is the density, the mass is ^^" 
«lp gm. When the liquid in one limb 
is depressed by x cm, a difference of height 
of 27 cm isset up. The weight of this 
‘head’ of liquid is 2æxpg dynes., RU acts 
as a restoring force and is ‘proportional to 
the displacement (fig. III-1.6). á 

The motion of the liquid column is, 
thereforé} simple harmonic. The mass 
moved is </p gm, while the restoring force 
per urit displacement is 9«pg dynes. Hence 
by Eq. 111-1.3.9 the periodic" time às 


T=2n ht oe “il JE Lido ! mrasa 


As in the previous case the motion is quickly daoned out. 


Problem. Mercury of density 13.6 BETA o is, contani ifi a | U-tube with its 
arms vertical. Neglecting damping find the time Of oscillation of the mercury 
if the total length of the tube occupied by mercury is:30 m; /. If the area of 
cross-section of the tube is 20em?, find the energy of the motion when the 
amplitudo: is 5 em. zu [Ans o 78 85 22 7 x 10° ergs. ] 

: "AAT. KE ç 
(vi) Gas enclosed in a Cylinder under a Piston, Let an ideal gas 
be enclosed in a ‘cylinder inder a piston’ as shown in in fig. TII- [Me “Let at 
a certain instant the piston be in equilibrium with the. gos. under it, The 


piston is slightly depressed and then let go ; the. increased pressure pushes 


Vv 


S. H. M. 


the piston upwards ; as it rises the volume of air increases, pressure falls, 
This developes into a restoring force proportional 
to displacement and. à vertical oscillation results, 
very much like what would happen if you jump 
down on a cushion. The enclosed gas undergoes 
alternate condensations and rarefactions.. Let 
the volume and mass of the gas be V and M 
under atmospheric pressure P. 


A. Let the change be isothermal, with rise 
in pressüre dP “ot the enclosed gas and ‘dimi- 
ninution in volume (— dV), By Boyle's Law  ' 
Fig IIIJ-7 .PV-const. or, P.dV+V.dP=0 
jor, dP-— — PdV/V 
Now if « be the of cross-section of the cylinder and y the displacement 
cf the piston the dV—«y t [ 


j Al dP = - PS ya jy 
i A V i+ 


Now the unbalanced force on the piston s «.dP. ..' Acceleration 1 
À _4dP__ Px? t 
Fy 


= — wy 


MV 


1 
` 


A 9m m MU/D. 91 -1.4.58 
"deco MIS A. (11-1459) 


iode 
B: Let the volume change be mide, adiabetic by. enclosing the ideal 
gas in a cylinder of perfectly insulating material under s similar piston 
and of cross section A. Then the relevant pressure-volume relation becomes. 


' PV" — const. where y is the ratio of specific heats 
Then V"àP--yy 0 Day.p—o 


ap —)P4V.. p Ay 
Or, ak YP^y rP 


MV... 
» el megi Juy 1.45) 
or, Taa aN. 5: (III-1.4.50) 


we Tooth caved moJald s sobs ebnilz) n ni bosolou u } 

Problem: An ideal gas is enclosed ina vertical’ cylinder and supports a freely 
moving piston of mass M. "The piston and cylinder are of same cross-section A. 
“Atmospheric pressure is \P, and the volume of the enclosed gas V, under 
“equilibrium conditionis; Assuming the system to be completely isolated from its 


Sa 
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Surroundings show that the piston . executes §.H.M. and find the frequency of 
oscillation. x (Ans, nex 72) [I.ET. '81] 


[ Hint : ‘The downward pressure exerted by the piston on the enclosed gas is 
Mg/A that is equal to the pressure exerted upward.on the piston by the enclosed 
gas. ] 

(vii) Body suspended by a wire. Consider a rigid body suspended 
from one. end of a thin. vertical wire, the axis ofthe wire passing 
through its C.G- 1f, instead of displacing the body laterally, we 
twist the body alittle about the axis of suspension and let it. go, it 
will execute angular oscillations about the axis. Such à motion is known 
as torsional oscillation. „ „See fig ILL-9.9(c). 

When, the wire;is twisted, by applying of a couple to the bay, 
the -wire tends to. untwist itself. and thereby exerts & restoring couple 
on, it, If the twist does, not exceed a ‘limiting value, (which is 
pretty large for thin. wires) the restoring couple is proportional to the 
twist. "Then. the body. executes torsional oscillations that are simple 
harmonic in nature, Such a motion is called angular simple harmonic- 
motion.: It is of much practical importance. , /, 

„Let 6 be the angle of the twist.at any instant. Itc is the restoring 
couple for unit twist, c0 will be the restoring couple for a twist 0. If I 
be the moment of. inertia of the body about the! dxis of twist, the- 
equation of rotational motion of the body will be given by. the relation 


ADO ta» G50 1-5: EE on fà 
I'—-—-c80. or di? I 0— —o 0. 

aa m T às i ^ 
Vibes DNA i (III-1.4.6) 


You shall recall these results when diseussing movements of the coil: 
in suspended coil galyanometers. ' : 

(viii) Horizontal bar magnet 
(fig. III-1.8. When  .displaced 
from its position of rest in a 
magnetic north-south direction 
by an angle 6, the magnet . 
experiences a restoring couple 
MH sin 0, which for small values > gis 
of 0 may be written as MH2. j A Fig. I5 
Its equation of motion is, therefore, given by i ; 


3075 iy 1 
Tor ~ MH. T- ^s T pe (T1E-1.4.7): 


“aa S.H. M. 
"The m ion will be eimple harmonie with this periodic time. 

Note d M. = thagtletic moment of the bar magnet and 
‘H=horizontal component of the earth's magnetic'field. I is the moment 
‘of the inertia of the magnet about the axis of rotation. 

Problem. A suspended magnet of magnetic moment 1200 cgs units and of 
moment of inertia 2500 gm em* is allowed t6'osciilaté in the earth's horizontal 
field of strength 0-31 oersted. Find the périodie t me. : (Ans: 1558) 

When discussing ‘determination ‘of H, the horizontal component of 
earth’s Imagnebic field with a vibration’ magnetometer you shall have to 
referto this result. - ; E dao Ios «e! , 

(ix). Time to cross the earth through a tunnel. Suppose à smooth 
a straight tunnel is" bored through the 
“center of thé earth and a body ^is 

dropped into it: Assüming the eaiiti to 
be “a uniform "Hotogénéous sphere 
and the motion of the body to be 
unimpeded by any “resisting force, We 
cin show that (i) the body will exectife 
SAM. i) find ‘the periodio time of 
the motion. It is ülso independent "of 
the direction of thé "tunnel But 


to this pull, h 

i Let m=mass of the body, p=density of the earth considered as.a 
‘homogeneous sphere, and OQ Za. Then the force acting on the body 
at Q is Son S = 
7 G X mass of the sphere of radius z X mass of the body/z* 

SG.Sxe'p X mle” fy pme. w 
‘This force is constantly direéted towards O, and is proportional to the 
distance of the body from O. Taking O as the origin of co-ordinates, 
we can write the equation of motion of the body as 
mí— —G.$zemz or f= — Gir oz— oe 

"where o* — G$ rp —f/z The periodic time the is 


Qn. " j 
n " TISE DU aic 4 d Á 1 
oy Soka eA dod Gol - (III-1.4.8a) 
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If g is the. acceleration due to &ravity at the surface of the earth. 
9=3G™R*p/R? — $Gr Rp where R is the radius of the earth. 


a M EI ee CN E (IIT-1.4.8b) 


Note that the periodic time is the same as for a small satellite (s) going 
round the earth close to its surface.: The motioh through the tunnel is 
the same as the projection of the circular motion of the satellites on the 
earth diameter coinciding with’ the tunnel. ` See,eqn. 1I-1.16.3. 


If numerical yalues\ of G and P or E and g are En. T can 
be calculated. Taking.R=4000 miles and 9=980.em/sec”, values which. 
are often to the remembered, 


1 
T=, (000 X x X3X 3048 


76082 sec.=1 hr. 24 min. 42 sec. ka (III-1.48c) 
II-1.5. Phase in S.H.M. The concept of phase is very important 
in connexion with Propagation and superposition. of vibrations, . Try 


to understand its meaning clearly, 


In S.H.M. we find that the state of motion of the partidle, that 
is, ‘its, «displacement, «velocity and! acceleration are’ changing Continu- 
ously, "Théy 'eomie ‘back to the Same seb ‘of values after ‘a definite! 
interval of time. “So, there is a continuous cycle of changes"in the 
motion. The word phase means the state of motion of the particle 
in this cycle of changes. (Compare the ‘phases’ of the moon.) Any 
quantity, which can give the displacement and Velocity of the particle 
at any moment, may be taken,as..the measure of phase, The angle 
(wt €), is. such quantity. It is, called, the phase angle. . The angle 
ovis called the initial phase or epoch ; it gives the phase at. the initial 
moment. i 

Two S.H.M.s of the same frequency thay be in different Phased at 
the same moment. ‘The difference betwen thelr’ phase ‘angled 1$ “called 
their phase difference. ` 

Note the following relations of S.H.M. : 

(i) Particle displacement 2a sin wt i EIEE 

(i) . Particle velocity 9-0 cos ot -do sin (ot-F90*) xe 

(iii) Particle acceleration f— —e*z-—ao*sm oh jio 

j —ao* sin (wt+180°) 


S: H. M. 


14 
The relations are shown in fig IM-110 where & for each is taken to 


Y 


ibe unity 


Fig. III-110 


Comparing the pbase angles of the three expressions, we can Say 

(a) Particle velocity leads particle displacement in S.H.M. by 90°. 
(This means that when one is maximtim, the other is zero.) 
“o (p) Particle acceleration and ‘particle displacement differ in phase 
by “480°, or that they are in opposite phases. "This means that they 


are oppositely directed, and reach the Maximum or zero value at the 


-same instant, 

Ex. 111-6 The period of an &.H,M, is 12 seconds and its amplitude 
10 ems. ; Write down its. equation. What are the phase and the displacement 
at a time!l4 sec alter a. passage; of the particle through its extreme positive 
elongation ? oil 

lols y NOLO! 4 i e 4 

Solution : _ Here a=10 cm. .T219 sec, Hence w=2n[12=7/6. If at time 
420, the particle 4s at its mean’ position the equation of motion is z— 10 sin 7 #/6. 
Tt at t=0 it is'at tlie extreme positive'énd of its swing, T= 10 cos zt[6, x being 
measured in both cases from the mean position. 

14 seconds after the positive end of its’ swing the’ particle will be at a=10 
cos rx 14/610 cos: Qu + v[3) =10 cos [3 =10 cos 60°=5 em from the centre on 
the positive side. ‘The phase angle is 147/6 radians, 
io Ex, I-47. Calculate the phase angle in radians of a body in §. BM. when its 
displacement, 18 half its amplitude, the motion being considered from its mean 
position. Consider only one complete vibration. 

Solution: Here +a/2—a sin ct or sin i= +1/2. We have to find the values 
of wt for which sin œt may have the value +4 or' -3, the range of values 
of œt being confined to 0 to 2r. The values are clearly z[0, 14718, and.27 - r6. 

Ex. IL-1.8 The needle of a sewing machine has approximately 8.H.M with à 
path length of 3 cm and makes 600, vibrations per minute. "What is its dis- 
placement 1/30 sec after passing (/) the centre of the path, (/7) an extreme end 


coy, ea | 
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Solution : Here amplitude a=8/2 cm, and frequency n=600 per min=10 
per, sec, Hence o=2nn= 20m per, sec. In case (i we may represent the motion 
by w=a sin of, and in case (ti) by a=a cos 1,2 being the distance from the 
centre of the path, 

Hence, in case (i) #=(3/2) sin 20x x (1/30) 2 (3/2)8. in (2/3) = (3/2). sin 120° 
=130m, In case (1i) w= (3/2) cos 20r x (1/30)=3/2 cos (253) 2 0'75 em. 

Ex. IIL19 A particle executes S.H.M. with an amplitude of 10cm. Itisata 
distance of 5 cm from its mean position :and moving outwards at time ¿=0. 
Find its epoch. 


It its frequency is 6 vibrations per minute, find the time that elapses between 
thé above moment, and the moment when it reaches (a) the end of its swing, 
(b) the mean position for the first. time. ¢ 


Solution : Tt will be convenient to represent the motion by %=4 sin (of). 
Here a=10: em, and.z-—5 cm when t=0;>;"; 5-10sine or sin e=1/2. Hence 
the epoch e=30° 

The frequency n=6 per min=O0'l per sec. s. @=2nn=02r =36° per sec. 
"When the particle is at the end of the swing we shall have 10- 10 sin (367^ 4-30?) 

361°-+30°=90°, whence t= 60/36 75/3 see, t 


When the particle returns to its mean position after the first swing, we 
shall have 0=10 sin (36t +30°) or 364 +30°=180°, : whence t=2.56 sec, (This 
could also be obtained by ađding to the “previous time, the time for a quarter 
period.) 


Problem, A body in S.H.M. is 10 cm from the mean position at the initial 
moment; and, 15 em from the same position after 1 sec. 1f the periodic time 
is 6 sec calculate its amplitude and epoch, and write down the equation of motion. 
[Ans : 10x „7/3 em ; sin * 3/1. 15:26 sin (60t 40954) em] 


IlI1.6. Energy in S.H.M. Let us také g=a sin ot) Then v=ao 
cos wt. If m is the mass of the moving particle in SH.M. its kinetic 
energy is 

Ké imo? —5ma* o* cos" ot. 
2imo*(a? —z?) (III-1.6.1) 


Kis maximum when 2-0, “that is, when the particle crosses its 
normal position of rest. At the end. of a swing = +a and K=0. 


The particle also has a potential energy Y. Since, the force on the 
particle is proportional to displacement, E= — ka where k is the factor 
of proportionality. It is the spring factor, force const or the restoring 
force per unit displacement. ge! vut ; 

Tf the particle moves a very short distance # when its displacement 
is v, the work done against the yestoring: force (that is, the work done: 


CR 


16 $.'H. Mi. 


on the particle) is kzz'. The force increases uniformly from 0 to kgas - 
the displacement increases from O'to 2, We mmy therefore assume that: 
the displacement z has ocoürréd tide? ati average force kr. Hence the 
work done on the particle for displacement œ is $ ke.w=4hke". This is - 
its potential energy V at 2. ‘Eq. I-i. 3.2 tells us that k= mo”. 


V=tha*® =imo n = imao sin’ of 8 LGA) 


LEM Sia i cos imata" (008° ot4-sin* wt) ^ whats 
—ima*o?, (n1-163) 


... The total energy is obviously constant, since m, aand «€ are constants in 
agiven case [fig. ITI-1.11(a).] [Eq. III-1,6,3.] also shows that. when kinetig:) 


i 


eem reva rueda e 


Fig Il. 1 (a) 
mem is imexithtin, potential — is: minimum. me erem energy 
—— È A} 


[E 
O Fax Manx 


Fig TII-1.11 (b) 


is zero when t= 20, "i tici lei the end of a swing (= a). 
S.H. M. is an example of the conservation of mechanical energy. 


Note that since kis the restoring fotoe: for unit displacement, kim is 
the acceleration at unit distance. „By eq: (1-1.8. 7) we then have | 


ish ps W Tarlo — 8] Jm an n] ate sob 
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Conservation of mechanical energy in S. H.M. is graphically explained 
in fig III-1.11.(b)... In it displacement is along the #-axis and. energy along 
y-axis, Note that with increase in z, the P.E. increases and K.E. 
decreases. Both the representative curves are parabolic as E % 2” 
( compare œ? = 4ay for a parabola). From the shape of the P. E. curye it is 
said to. be a potential well, a very important concept in higher physics. 


Expression for P.E, can be alternatively derived, Ata displacement of z from 
the equilibrium position the restoring force is kæ; the work done in moving the 
particle against this force through a very small distance dz is kuda. So the total 
work done on the particle through a displacement of x is the potential energy. 


v 
so PUES f indic Mat jiotat (11-164) 
0 


We may arrive at the differential equation of S.H.M. from the 
expression of total energy for S.H.M. We have 


KB+P.K=2 mv? timo w” =const. 


Differentiating v. Wto s.dz=0 - or, wc? LE ren 
Paia, w e irate 
or, Er gi 0 [ v a or, -c-ro?x-0 


IIL 1-7.. Superposition of two simple harmonie motions in the 
same direction : . Let a particle have two S.H.M.'s, at the same time. 
Its displacement at any instant will be the vector. sum of the. digplace- 
ments due.to each S.H.M. at the moment considered. If both SHM's . 
are in the same direction veetor addition becomes simple algebraic - 
addition. We shall consider two such cases. The - superposed 
$,H.M’s will be in the same direction and have the, same frequency, In 
one case (fig. III-1.12) they will be in the same phase, In the other case 
(fig. III-1.18) they will be in opposite phases. In both figures, the continuous 

curves represent the S.H.M.'s to be added. Mathematically, they are 
represented by v, =a, sin wt and Xa = sin of. 


. .Infig.III-1.12, the two motions are in phase. Hence they always 
produce displacements in the same direction. Their resultant is, 
therefore, the algebraic sum of the two. This means that the resultant 


2 
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“displacement at any time ¢ is 22,2572, sin ota; sin at 
—(a,-Fas) sin of, It represents an. S.H.M. of the same angular 


Fig III-1.12 


frequency (w) as the other two, and hasian amplitude.(a;--a;) equal to 
the sum of the amplitudes of each. In the figure, it is given by the broken 
curve. 

In fig. TI-1.18, the same S.H.M's are added but in opposite phases. 
Tf the phases are opposite, the phase angles will differ by 180°. Suppose 


we, 20,517 wt 


Fig III-1.13 


747-8; sin’ Gb^has the larger amplitude. "The other motion will be 
$5778; sin (w£3-180?)— —a, sin wt. This means that the resultant 
motion will be given by 2 =g% “T =a; sin ot— aasin ot —(a, — as) sin ot. 
This isan S.H.M. in phase with the S.H.M. of larger amplitude but 
an amplitude equal to the difference of the two amplitudes. If a;-—às, 
the superposition of the two motions (two S.H.M.'s of the same amplitude 
and ftequency but in oppsite phases) will cancel each other. No motion 
will be produced by their combined effect. This will appear in stationary 
vibrations. - QS j ; 

' "In both figures, broken curves represent the resultant motion- 


II-2 
VIBRATIONS 


III-2.1. Vibrations, A particle or a body is said to vibrate if it 
describes a to-and-fro motion along a path. Examples are, the pendulum 
of a clock, children’s swing, motion of the needle of a sewing machine, the 
to-and-fro motion of the piston of a railway engine, motion of any 
point of a string under tension, eto. Some of these are longitudinal and 
some transverse. ‘Vibrations along the length of the body are longitudinal; 
those ab right angles to that are transverse. We also have torsional 
oscillations. 


Tf the vibrating particle reaches the same point of its path after equal 
intervals of time, its motion is a type of periodic motion, When the 
motion is ina straight line, as in the case of the nedle of a sewing 
machine or the piston of an engine it is rectilinear vibration. 


The words ‘vibration’ and ‘oscillation’ aré used almost synonymously. 
There is no hard and fast difference in their meanings. Generally, 
when the motion is fast we call it a vibration. A relatively slow vibtation 
is often called an oscillation as in examples of S.H.M. discussed before. 
An oscillation also means a complete period of vibratory or periodic motion 
ie. the whole succession of states that takes place before the motion 
begins to repeat itself; Vibration is sometimes taken to be half an 
oscillation. 
© Certain terms are very useful in describing a periodic motion, namely 

d) Periodic time (T) or Period. It is the time required by the 
vibrating particle (or body) to execute one complete oicillation, say, in 
going from one end of its path to the other end and back to the first end. 
Tt is also called the time of oscillation. 


(i) Frequency (n). The number of oscillations completed in one 
second is called the frequency. From the definitions, it follows that 
nT=1 or n=1/T (I11-2.1.1) 
(iii) Amplitude, The maximum distance through which the particle 
moves from its normal position of rest is called the amplitude of the 
vibration. N ABES, O Nt 
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(iv) Particle displacement. The distance, at any moment, ol 
the vibrating particle from its normal position of rest is the partiol 
displacement. 

We shall illustrate the meanings of thes 
terms by reference to the motion of a pendulum 
(fig. III-9.1) The pendulum is suspended from 
0.. A is the normal position of rest of the hob, t 
oscillates between the extremes B and C. ABS 
AQ is the amplitude of the motion. The angu an 
amplitude is Z.40B — Z 400. . The periodic time 
(or period) is the time required by the bobiin 
going from B to O and coming back to B (or 
from Ato B, B to C and back. from C to. A). 
Fig III-21 reciprocal of the period (T) is the frequency (n); 


In this chaper we shall remain confined to elastic vibrations i.e. where 
the restoring forces are due to elastic deformations only. In the nex 
chapter, we shall be considering elastic waves i.e. those in material media, 
They are caused. by elastic vibrations. i 

1-22, A Free vibration. Any elastic body may bejmade, to vibrate 
under suitable conditions, The vibration may be transverse, longitt 
dinal or torsional. . For example, the motion A B c 
of a pendulum bob or of a metal strip 4 
clamped at one end is transverse (a) ; that of 
a stretched spring is longitudinal (b), while the 
oscillatory motion. of »..a. twisted. wire 

carring a load at the free end (c) is torsional 
(fig III-9.9). The vibrations of a tuning fork 
is transverse, All of these vibrations will 
be. simple harmonic if the restoring force 
or ‘couple is. proportional to. the. displace- 
ment, It is generally so when the . displacements 
After vibrations have been excited in an elastic body and the exci 
forces removed, the body continues, to, vibrate with a frequency 
characteristic of its own. Such a vibration is called free vibration. 
The periodic time of vibration is called the free or natural period. 
depends upon the mass and the elastic properties of the vibrating bod 
Tta reciprocal is the frequency, and is called the natural Wise n 
- may be taken to be undamped free vibration. 


d" 
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Recording the time displacement graph for a free vibration is shown 
in fig, III-9.8. “A heavy cylinder 
W hanging from a spring moves 
up and down. It carries a sharp 
inked stylus’ past which moves 
ürntformly, a paper strip tinwind- 
ing from one and winding on 
another. The amplitudes are 
almost constant for all oseilla- 


DIRECTION OF 
MOTION OF PAPER 


tions. 


B. Damped vibration: In 
all practical cases, it is found that 
-when lett to itself the vibration 
ofa ‘body gradually diminishes 
in amplitude and finally dies 
away. ‘This is so because the motion is resisted by various frictional 
effects, internal as well as external. When a tuning fork is 
vibrating its different layers are sliding, one over another. This brings 
into play a resisting force due’ to viscosity or “internal friction. This 


Fig; II 2.8 


Fig, III-2.4 


internal friction as well as resistance to motion offered by air, gradually | 
diminishes or damp the amplitude amd finally brings the body to rest. 
A vibrating pendulm is. similarly damped beeause of resisting forces 
between its suspension and support, and between the air and the bob. 
Vibrations thus opposed from within and without, gradually diminish 
in amplitude. They are called resisted or damped vibrations (fig III-9.4) 
Actual free vibrations are such. 


qu fig II1-2.5 the same arrangement as above for recording damped 
vibrations is shown but with a modification. A piston fastened to the 
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bottom of thevibrating cylinder moves up and down in a glass of water so” 

: as to damp. the  motion.. See 
that the record is a replica of 
fig IIT-2.4. 

Fig. III-2.4 represents a ease ^ 
of damped simple harmonic — 
motion, At each vibration some 
energy is lost in overcoming the ' 
resisting forces. If the resisitng ' 
forces are large the rate of — 
loss of energy is also large. 
The body comes quickly to rest. - 
With small | damping, the 
vibrations continue longer, the - 
amplitude diminishing slowly. In figure III-9.5 replace water by 
kerosene and glycerine. In the first, oscillations last longer in the — 
latter shorter, than for water. i 


1II-2.8. Forced vibration and resonance. The study of forced 
vibration and resonance is of special interest in wave motion. Sound — 
waves and radio waves are detected by the forced vibration or resonance 
they produce in the receiver. Resonance is a special case of it. 


: A. Forced vibration, A vibrating body gradually loses amplitude due 
to opposing forces, which are always present. Energy must be supplied 
from without if the body is to be maintained in Vibration. Let an external 
periodio force act on a vibrating body. The body tends to vibrate with its 
own natural frequency. But the applied force tries to impress its own 
frequency of vibration on the body. Initially, vibrations of both frequen- 
cies are present at the same time (fig. III-2.7. In course of time, the 
natural vibration dies away due tothe resisting forces. Finally, only 

. the vibrations due to the impressed force remain. The vibration of 
abody with a period same as that of an impressed periodic force is 
called a forced vibration, To keep the swing ofa child in motion, you 
apply an impulsive force periodically i.e, after a definite time-interval- 
This is forced vibration. 

B. Resonance, Tho amplitude of forced vibration is generally small. 
.. Ifthe period of the applied force is the same as the natural period of the 

_ Vibrating’ body however, the vibrations build up quickly. The amplitude 

may bo. large even with a small impressed force. As the motion 


3 Fig IIT-2.5 
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grows, ihe resistance to the motion increases also. | A state of steady 
oscillation is reached when the energy supplied by the external source is 
fully used up in overcoming the. 
resistance to the motion, The 
particular case of forced vibration 
where the applied force has the 
same period as the natural period 
of unresisted vibration of the 
body is known as resonance. 
A resonant vibration is also 
called sympathetic vibration. 
Noté that the motion is uniform. 
for “no net force acts on the 
vibrator. 


Gray 


Nu 
Tt can be shown mathe- 


matically that if resonance occurs Fig. 111-26 ; 

for a body whose vibration is ündamped.—an ideal case never yealised 
in practice—the amplitude would. be infinitely large. In an actual 
case’ damping forces limit the amplitude. In fig. TIT-2.6. are shown the 
response of a vibrator to an applied force at various frequencies for 
different dampings (4) or (b). 


There are, in fact, two cases of resonance to distinguish, namely (2) 'ampli- 
iude resonance and. (ii), velocity on energy resonance, In the former the amplitude. 
of the forced vibration acquires a maximum value: Inthelatter; the velocity is à 
maximum, This corresponds to maximum energy transfer between the forcing 
and the forced ‘systems, The foregoing sketch is actually that for energy 
resonance. When damping is negligible both resonances Occur at practically the 
same frequency, which is the natural frequency of the vibrator. When there is 
appreciable damping, the. two resonances occur at slightly different frequencies. 
Velocity resonance occurs always at the frequeney equal to the undamped 
frequency of the body in forced vibration ; this is the more important case. 


C. “Characteristics. Forced vibration shows the following 
characteristics : ‘ 


(1). Initially, vibrations with the natural frequency of the vibrating 
body andthe frequency of the impressed force are both present. If the 
frequencies. ore. close enough they may form ‘beats’ that is a rise and fall 
in amplitude (Fig. III-9.7.)..-With passing of time the natural vibration 
dies out and the body. vibrates with the forcing frequency: ' 


/ Fig. III2.7. 
the ease of resonance. This amplitude may then be quite large. 
D.. Difference between free and forced vibration, 


(i). Pree vibration is executed by a body under the action of its own D. | 
elastic forces without. being subjected to any external force. But forced 
vibration is executed by.a body under the action of an externally applied 
periodie force. Jti 

(i) Amplitude of free vibration may have any value, large or small, 
depending on the amount of initial supply of energy. If damping is 
present the amplitude (a) diminishes exponentially (ae7®), Amplitude | 
of forced vibration is generally small except when resonance occurs. 
Under resonance conditions the amplitude of vibration is large. Near 
resonance, the amplitude increases rapidly as the frequency of. the 
applied force approaches the frequency of the unresisted free vibration. 
See fig. III-2-6, 

- (iii) Frequency of free vibration of a body depends on its mass 

and elasticity. Frequency of forced vibration is equal to that of the 

ie externally applied. force. 

B (iv), Free vibration finally 
ceases due to. action of 
resisting | forces. But forced 
vibration continues so long as 
the applied force acts, 

Fig. IIL-9.8 .. shows San 
arrangement. to demonstrate 
in a simple way the difference 
between forced. vibration and 

í m resonance: CG’ is ‘one ‘of 
Tee ES ¿= several light  pendulums ‘of 
spese (o Aeg, i different -lengths ^ suspended 

from the same horizontal suspension. Cis another pendulum ‘having 


\ 
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the same length as O’. © and O' therefore have the same natural 
frequency ; but the frequencies of the others are different as they differ 
in length. When © is set into oscillation O' gradually pieks up an 
increasing amplitude, while others vibrate with very small amplitudes. 
Q'resonates with O, but the others are thrown into forced vibration. 
‘The vibration of O is transmitted to the others through the suspension. 
HI.2.4. ‘Some examples of forced vibration and resonance. 


Forced and resonant vibrations are fairly common. A few examples 


are given below. You should be able to think up others. 


A. Mechanical examples. (1) The various parts of s motor 
car, süch as loose fittings, brake rods, gear lever etcs have their own 
natural frequency of vibration. The periodic motion of the car-piston 
applies to them a forcing frequency proportional to the speed of the 
eat. As the speed alters, the frequency of the piston may match the 
natural frequency of some part so that if is thrown into resonant 
vibration and rattles vigorously. 

(2) A child on a swing applies periodic impulses to the motion, 
keeping time with the swing, The swings gradually increase in 
amplitude. ‘It is a case of resonance. 

(8) If one leans on one side of a heavy boat and then on its other 
side, a considerable roll can be built up if the motions of the body have 
the same period as the swing of the boat. The boat may then capsize. 

(4) Resonant vibration is of great practical importance to structural ' 
and mechanical engineers. If quite a small periodic force operates on 
some structure or machine having the same natural period, vibrations. of 
large magnitude may develop. Vibrations produce stresses and, for large 
magnitudes, the resultant stresses may exceed the elastic limit and 
damage the structure. Hence in designing a structure it is. necessary to. 
find out what external periodic forces may act on the structure. The 
structure i5 then built up’ so as to have a different natural frequency. 
Such are the cases of buildings beside rail roads with heavy traffic 
‘and cantilever bridges across rivers. 

(5) Soldiers break steps while marching over a suspension bridge. 
Bridges: have been known to vibrate dangerously and even to collapse 
when resonance occurs between’ the period of? steys of the soldiers’ 
march and the natural period of vibration’ of the bridge. 

Jointless rails are used to prevent yailways-bridges being affected 
by the periodic impact of wheels crossing the joints. | ; 
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B. Acoustical examples, (1). A vibrating fork held in the handi 
produces a feeble sound. When. its stem is pressed on a table-top the 
sound is greatly magnified. The vibration of the fork is transmitted tor 
the table-top. , The top is thrown into forced vibration with a frequency: 
equal to that of the fork. The large vibrating surface of the table sets) 
a large mass of air into vibration, This rouses the volume of sound. yu 


In this as well as in all other. cases of forced vibration the kinetic. 
energy of the sounding body is transferred to the forced vibrator. — 
Because of the large surface of the table the Zoss of energy to. 
the surrounding air is much faster than when the fork vibrated - 
alone. So the vibration of a fork dies away much more quickly. 
when it is pressed on a table-top. 


(2) Take a tall empty glass jar. Hold a vibrating tuning fork - 
just above the upper end of the jar and slowly pour water into it. 
When the water reaches a. particular level, a loud sound . may, be, - 
heard. Once the level is crossed the loud Sound ceases, The loud — 
sound is due to resonance between the fork and the air column in the 1 
jar above the particular level of water. You observe the same if the jar 
is full of water which is slowly leaked out through a tap, with the. 
vibrating fork held over. 


(8) | Stretch two identical wires side by side under -the same tension, ` 
between two bridges on. a wooden board (a sonometer).  Place.a, third: 
wire under a different tension beside them. The first two have the same 
natural frequency while that of the third is different. If one of the 
identical wires be disterbed its vibration will. be transmitted to the 
other two wires. In the identical wire resonant vibration will occur 
and grow to a large amplitude. A paper rider placed on it may be 
thrown off. But this will not occur on the third wire where the — 
vibration is forced and consequently the amplitude is small. f 


i (4) In stringed instruments like the sitar, esraj, guitar, violin, ete, 
strings are stretched on a thin wooden board. The vibration of a string? 
produces forced vibration of the board and. thence of air. This makes the. 
emitted sound stronger. 


. „Many of these instruments. have ‘several strings tuned to different: 
frequencies. When a note. is sounded on the principal wire resonant’ 
vibrations are excited. in. those that have the same frequency as: 
that of the note sounded. . This fact increases both the intensity and the 
pleasantness of the note played. In'pereussion' instruments like- drums, 
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the intensity; of sound ji$ increased by tbe. forced vibration of, sir 
inside them. í 

(5) Ib has ab times been noticed that when some particular note is- 
played loudly on an organ or a piano, some object inside the room, such 
as a large empty vase, resounds. This happens when. the frequency of 
the note agrees with some natural frequency of the object. (An, object 
may have several natural frequencies corresponding to the various modes: 
in which it can vibrate.) i 

Loudspeakers of poor quality sometimes produce 8 magnified response to: 
certain parts of the musical scale because of such resonance, The result 
is boomy and unpleasant distortion. 

C. Electromagnetic examples. The principle -of resonance is: 
utilised in tuning a radio or TV, receiver. A cireuit of low resistance has à 
natural frequency of oscillation depending on its inductance and capaci; 
tance (n= 1/27 NEO)» Te receive the xadio waves from a given station 
the frequency of. the oscillatory circuit. in the receiver is adjusted to the 
value of the incoming waves. The latter then sets up resonant electrical 
oscillations in the receiver... These are amplified. by valves and. operate 
the loudspeaker. Reception of radio signals is thus brought about by 
resonance. This is why only one particular. station (i.e. frequency), can 
be "tuned" at a time. 

The phenomena of forced and resonant vibration of electrons under the: 
impact of electromagnetic waves have been utilised to explain scatterings, 
dispersion and absorption of light, ' j 

1.13. Sharpness of resonance. The term. refers to the, fall im 
amplitude | of .& body. in forced vibration as the frequency of the driving 
force changes from the resonant frequency. : à 

Resonance is said'to be sharp when the response of the driven body: 
falls off quickly as ‘the impressed frequency moves away from the resonant 
frequency. Between two cases of resonance We call that one sharper in 
which the response is smaller for a given fractional (or percentage) 
departure of frequency from, that a resonance. Sharpness of, resonance 
depends primarily on damping ; the smaller the damping the sharper the. 
resonance (See fig. TII-2.6.), is found to hee ‘ate tio 

The concept of sharpness of resonance is of much practical importance». 
The following two cases may give us some idea of it. 

(a) It we blow across the mouth of a glass tube, the air in it is 
thrown into vibration and a sound is produced. But the sound stops as- 
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Soon as the blowing is stopped showing that the vibrations of the air _ 
‘column are heavily damped, * 

Over the open end of a' glass tube of suitable length hold in turn a © 
Series of vibrating’ tuning forks of néarly equal frequencies. The air in | 
‘the tube will vibrate giving a maximum response for the fork whose 
frequency agrees with the natural frequency of the air in the tube, It 
‘will also respond to the other forks, though to a lesser extent. The 
response diminishes slowly as the two frequencies differ more and more, ^ 


The experiment shows that a heavily damped system responds to a < 
Sand of frequencies around the resonance frequency, i, its selectivity is 
poor. Sharpness of resonance is then said to be small. 1 

(b) ‘Vibrations of tuning forks’ persist for à long time. ‘This shows N 
‘that ‘their motions are lightly damped. Tako two tuning forks, A and B; B 
‘of the same frequency ard mount them on resonance boxes with the open _ 
‘ends facing each other. Excite A, and after a few seconds stop its .| 
vibration by touching it. -B will then be heard sounding by resonance, 
although it was not struck. If 4 is loaded with a small piece of wire and 
the experiment is repeated, B will not respond. 


Again refer to the experiment deseribed in B (8) above; The experiment 
«consists fn placing a heavy vibrating tuning fork on the wooden plank (the k 
:sonometer) and adjust the position of one of the bridges till the paper rider 
‘is thrown off because of resonance. This is an experiment you have to do 
in your practical class, Tt is difficult to adjust, for if you cannot get the 
exact length, the rider will vibrate only a little or not at all and will not 

fall off, for forced vibration produces a small amplitude. The vibrating 
wire disturbs a very small volume of air and so is lightly dam ped. 


The experiments suggest that for light damping response occurs practi- 
‘cally at resonance frequency and falls off very rapidly when frequencies 
differ. Here sharpness of resonance or selectivity is said to be high. 

. Sharpness of resonance is measured by the ratio of resonant frequency 
to the range of frequencies for which energy of the forced system falls to 
half the value at resonance. These half-power frequencies occur on the two 
sides of the central line in fig. ITI-2.6. Sharpness of tesonance also plays 
a significant role in the selectivity of reception in radio and television 
circuits. i "t € 
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PROPAGATION OF VIBRATIONS = 
WAVE-MOTION 


1-3.1. Introduction. We shall now consider the propagation. 
(ie, transmission) of vibrations through an elastic medium. < This is 
wave motion. : We have considered before, the simplest kind. of yibration,. 
the. S.H; M... Now.,we consider transmission of simple harmonie vibrations: 
only, through an elastic medium as we have decided before. 


‘An ‘elastic? medium) isa material medium 'in which elastic forces. 
act between neighbouring particles. To propagate vibrations through an. 
clastic medium, two“ factors are necessary. One is inertia, Tt is: 
necessary for vibration, for the particle must nob stop at its normal! 
position of rest where there is no force on it. It must be carried ‘through 
this position by "inertia". The other is elasticity: "Elastic forces must act 
between neighbouring particles, to enable a vibrating particle to force the: 
next particle also to vibrate’ similarly. It'is through such elastic forces 
that vibrations are transmitted from particle to particle, through the: 
medium. So a material medium that will. propagate elastic vibrations. 
must have inertia and elasticity distributed throughout it 

A medium in which the properties are the same in all directions, is an; 
isotropic medium, Air, water, glass’ are isotropic. So are many other: 
homogeneous materials. In an isotropie medium, vibrations are 
transmitted with the same velocity in all directions. We shall confine our- 
selves to the transmission of simple harmonic vibrations in one direction: 
only. The resulting motion in space and time. is known as plane, pro- 
gressive harmonic wave motion. : We shall return to it later, But first 
let us add a few words in general about wave motion, 


JII-3.2. Wave motion. Wave motion in matter’ is the kind of 
motion that takes place 4m time and space when, vibrations are being 
propagated through an extended material medium i.e. vibrations, at one 
point at an instant is. found some time later to have moyed to another , 
point, The commonest kind, of wave motion that we see, occurs, when we 
throw a stone on the, still surface of water. A, portion of the water where 
the stone has struck, rises and. falls a. few times, that is, that, portion. 
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vibrates. This rise-and-fall pattern spreads out over the surface of. 
water in all directions as concentric circles, A floating leaf on the 
water surface, will simply rise and fall with the undulataing surface, 
but would not advance with the waves. This is a distinguishing — 
characteristic of wave motion, In’ ave motion, no portion of the . 
medium advances with the waves ; it executes a vibratory i. undulatory . 
motion about its normal position of rest. 

What then advances in wave motion ? It is the state of vibration, — 
4.e. the phase of motion, that advances, Here, the waves advance along - 
radial lines from the centre of disturbance, Any such radial line isa 
direction of wave propagation in this case, Particles of water along any 
such line are thrown into vibration one after another as the wave - 
advances. A particle farther from the centre of disturbance gets at some © 
later moment the same state of motion (same phase) as. particle nearer 
the centre. All particles lying on a circle concentric. with the centre of 
"disturbance are in the. same state | of motion. at a given. instant. They ' 
all arrive at their maximum elevation over. the ‘still. water surface, or 
maximum depression below it, at the same instant. They are all said to _ 
be in the same phase at any given moment. | But this phase (that is, the 
state of vibration of the given point) changes with time. 

Difference between vibrations and waves. A vibration spreading 
out through'a medium is a wave. . Both require elasticity and inertia, - 
In a vibration, such as the vibration of @ load held by a spring, inertia is — 
localized in the load and elasticity is localized in ithe spring. When such ] 
a vibrating body is placed in an extended medium (such as water or air) 
waves. spread out into the. medium. Vibration occurs at every point of 
the medium. | So the medium must have elasticity and inertia distributed’ 
throughout it, so as to be able to carry the waves. 

Particles along the line of advance of a wave are in different states 
(or phases) of vibration ata given instant. Particles away from the source 
aquires at a later instant the state (or phase) of vibration of a particle lying 
nearer to the source, i 


“In the above casé the tise-and-fall d ind ofa particle) occurs 
diy tow times and then stops. Besides, the aniplitude of vibration 
/dimininishes with increasing distance from the centre. Such factors 
complicate any elementary discussion of wave motion, We shall, 
therefore, for simplicity of discussions idealize our waves: This is like $ 
introducing idealizing conditions in other fields of physics, like the point 1 
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particle, the perfectly smooth surface, the weightless and perfectly flexible 
string of a simple pendulum, ete. ‘They don’t reeally exist ; but they 
are of great help in understanding problems and solving them. 


III.3.3. The idealized wave: Plane progressive» harmonic 
wave, In our idealised wave, the vibrations of ell particles of the 
medium will be simple harmonie. That is why we call it a harmonic 
wave. We call it plane because all particles on a plane. perpendicular 
to the direction of. propagation are in these same phase at any given 
instant. Ib should. be clear that these waves propagate (move forward) 
in one direction only. (They do not spread out in all directions along a plane 
as for water wayes just described.) The waves are called progressive 
because they do not come across any boundary on their way which will 
modify the waves and move on unhindered. 


The fact:that you cannot have a real wave satisfying these conditions does 
not matter, You cannot realize simple pendulum, you cannot realize a point 
particle or a ray of light or a frictionless surface. Nevertheless, these idealized 
concepts help you in getting useful results, The same applies to idealized 
waves, 


Later in Sec. I1I-9,10. we shall discuss the properties of these idealized 
waves... Now we speak oí ‘transverse’ and ‘longitudinal’ A 
waves, ; : 


JI-4.4,. ‘Transverse. waves. Waves in‘ which 
the particles of the medium vibrate - perpendicular to 
the direction of: propagation, are-known as tranverse 
waves. You may think that the" water, -waves are 
transverse: (But strictly, they are not so. (The particles 
actually move in circles or ellipses.) 


Visible examples of transverse waves, are few. lf 
the free end of along suspended heavy cord is jerked 
perpendicular to its length, transverse vibrations moyé 
towards the upper end in the form of a wave 
(fg. III-9.1), A stretched string plucked or struck 
laterally vibrates transversely. Light, heat and radio 
waves are transverse in nature, but we cannot see their vibrations. 


Fig. 1II-3.1 


When a wave advances along a string (fig. II-8.1) you see that in one 
half of à wave the particles are displaced ‘to one side and in the other 
half to the other side. A complete wave is made up of two such 
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halves in which the displacements sre in opposite directions, - In 
transverse. wave travelling horizontally, the part of the wave above 
, n undisturbed partiis called'a erest and the part below 
called a trough A crest and a, trough together make 
one wave. The terms are often used to represent 
halves of any transverse progressive wave. Particles o! 
a crest and a trough, which are at equal distan 
from respective equilibrium positions but move in 
opposite directions, are said to be in opposite phi 
A succession of waves ofa finite number is called 
wave-train. Remember that ripples on water su 
show crests and troughs but are not strietly transverse: 
waves. They form a wave-train, be 
III-3.5 Longitudinal waves, Waves 
the direction of ‘particle vibration. is along: the. 
direction of propagation of the waves, are called i 
tudinal waves. To visualize such a wave, take a long, 
vertical closely wound spring (fig. III-3.2) and load it | 
with a bob atthe lower end. Pull it slightly do 
ward’ and “then release it. ` The turns of the spring will ” 
vibrate up and down along the length of the spring. ' 
you mark a point on the spring with a short piece of. E 
white thread, you will-find the mark moving up and. 
down. Take the spring as an elastic medium, the marked ~ 
point as a particle and the motion of the spring» 
Fig. III-3.2 the wave motion. Thelayers of the spring may be — 
considered as layers of the medium, all particles of a layer being in the — 
same phase of motion. 4 
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Since the particles in this kind of waves vibrate in the direction of - 
i wave propagation, their displacements do not produce crests and troughs - 
. In that part of the wave where the particles move in the direction 0) 

wave propagation they come nearer together than their normal 
— separation in the medium and form a condensation, A layer of medium | 
in this portion is in a state of compression. (Longitudinal waves are also 
called compressional waves.) If the medium is a fluid, pressure in the — 
compressed layer will be higher than the normal. value (that is, when — 

ler arb no wayes).. If the medium isa solid, compression will increase | 
é in the layer. In thai part of the wave where the particles move 
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opposite to the direction of wove propagation, they are further apart than 
their norinal ‘separation and form a rarefaction. The medium in this 
portion is rarefied, ‘The presswre or the stress in a rarefied layer will be 
lower than the normal. A complete longitudinal wave consists of one 
compressed and’ one rarefied region. The pressure or stress therefore 
alternates about the normal value im a longitudinal wave, : Sound waves 
ave longitudinal waves. “Waves are’ not necessarily only transverse or 
longitudinal; there are other types also. We would not consider them. 

IIL3.6. Elastic properties of a medium determine the nature 
of wave. Whether a wave generated by the vibration of a particle will 
be transverse or longitudinal depends: on the nature of the medium, ʻi This 
is so because» the direction in which .a vibrating particle will displace 
the next, depends on the acting elastic, forces. 

Since a fluid cannot resist -& shearing force: the displacement of any 
of its’ layers cannot drag a parallel layer im its own direction ,of motion. 
Hence .@ transverse wave cannot be prodaiced in a fluid A fluid, however: 
resists.a, volume change. Hence».a sudden compression .. or rarefaction 
applied in a given direction to a gaseous or & liqnid ‘layer: is transmitted. 
along ‘the: line of the applied. force to adjoining parallel layers. A: longitu- 
dinal wave, therefore, cam be propagated in a gas ora liquid. j 

A solid: resists deformation of both of sizeʻando Shape. So, if a particle 
in a solid is disturbed, it displaces others lying in. directions both parallel 
and perpendicular to, its own direction of motion. Hence im a solid 
both longitudinal and transverse waves are possible. 

farthquakes are caused by large vibrations in the interior of the earth, Both 
transverse, and longitudinal waves are produced during, an earthquake, As they 
reach the earth’s surface with different velocities (longitudinal waves at 72 km/s 
and transverse waves at 4 km/s) their responses on the seismograph are separate. 
From this time interval, it is possible to estimate the distance of the epicentre 
of the earthquake. 

When the displacement of the disturbed particle is small, the restoring 
force is proportional to displacement. and acts towards the equilibrium 
position of the particle. Under such conditions’ the® motion is simple 
harmonic, Such waves are called simple harmonic waves. In our 
diseussions we shall assume this condition to hold. 

III.3.7z. Waves transmit energy. From where do the particles 
that vibrate in wave motion, derive their energy ? Waves spread out 
through a medium only when a portion of the medium is displaced. 
The agent that causes this displacement supplies the ' energy. The 
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energy that the agent transfers to the medium „spreads out through the 
medium in the form of; waves, Wave motion is the most important form 
of energy transmission, particularly over long distances, x3 

Summary. In. material wave motion, the particles on a line of - 
propagation vibrate about their normal positions of rest. A. point on-a line — 


later instant the same state-of motion (phase) as à point nearer tothe source l | 
Wave motion means propagation of the phase of vibration. What advances 
in wave motion is the phase.of motion, and mot. any portion of the medium. 
Though waves may be df various kinds, we shall consider ‘oily 
longitudinal and transverse waves. Longitudinal waves ‘can’ pas 1 
through all kinds of media solid, liquid or gaseous.” Transverse waves | 
are possible in solids only. In longitudihal waves, layers of the medium 1 
"are alternately compressedand ‘rarefied. Compression otóurs in the layer | 
an which particle velocities are in'the direction-of wave-propagation. When 
particle velodity is opposite ‘to the direstion "of «save propagation, rare | 
‘Faction -ocowrs. In longitudinal waves; pressure: (im fluids) and stress (in 
solids) alternate about their normal values atcanyipoint) Sound waves are 
‘longitudinal, Light waves: arè transverse as álso are vadio waves. ‘Waves — 
carry energy received from the source on tothe recéiver. ; 
> 'ML-3:8. Propagation of-vibrations. Let us consider the particles _ 
‘ofa: mediuth lying along‘ straight’ line (fig. 1118/8), “Letone of them be 
displaced perpendicular to the line and “forced to execute a simple 
harmonic motion along iés-ine ‘of displàeemént. Its’ nejghboür will 
follow suit ‘but willstart’ya: little later. Between these-two vibrating 
‘particles there “will “bè“a ‘small’ phase üifferéneo ‘because of this time 
lag. ‘The vibration is ‘then transmitted from particle to particle with 
a small phase difference between two successive particles. The phase 
difference between any two particles on the line of propagation will. be 
proportional to the distance separating them. : 
Individual particles will vibrate with a.constant periodic time T. In Fig. TII-3.8 
the particles are, shown, after intervals of. time 7/12. Rach particle starts to 
moye 7/12 after the particle preceding it. ‘The figure indicates that:the vibrations 
gradually pass on from particles on the left to those on the right. The direction 
along which the vibrations are transferred is the direction of wave propagation, 
, When the ‘zero’ particle has completed one vibration (ie. when it is passing 
through its ‘initial position with the initial velocity in the initial direction) the 
12th particle just starts moving. These two particles therefore vibrate in phase. 
But since the former has completed oné vibration when the latter begins to 
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move, the phase. difference between, them willalsobe 2x radians. The phase 
difference of any particle relative to the zeroeth particle will increase 


bur @3 #3 67 8 9D 1219 M5, 
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with its distance from O, as has already been noted, till it grows to 2r radians 


at the 12th particle. 

The. above. analysis indicates that the diference in phase angles 
of the vibrating particles will increase linearly with distance. Hor 
some particular distance it will be 2x radians. Such particles as dand 12 
in the above figure are in the same phase of vibration ; they haye the same 
displacements and. are moving in the same direction. The minimum. 
distance, measured along the line of propagation. of a waves between two 
particles in the same phase of vibration is called the wavelength (à) of 
the wave. Particles on the line of propagation separated by a distance 
that is a multiple of A, will differ in phase, by the same multiple of 2c 
radians. 

The displacements of particles in a longitudinal wave 
investigated. exactly as above and are shown in Fig. III-3.4. The particles 
marked 0, 1, 2, etc. are on the line of propagation. ‘The figures marked 


,can be 
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I, IL Ill, etc. indicate the positions of particles at intervals of 7/19 
where T, as before, is the time period of vibration of a particle, 
A particle executes an S.H.M. about its mean position of rest in the 


| 


Fig IIT-3.4 


direction of wave propagation left to right. AB and AC represent the f 
amplitude of this vibration. Any two neighbouring particles have a 
small relative phase difference, 


III.3.9. Some important definitions in connexion with waves. 

G) Wave velocity or phase velocity (c), It is the velocity with 
which the phase of vibration advances along a line of wave propagation. 
We shall denote it by the letter c. 

(i) Wave length (à). It is the shortest ‘distance between two 
particles on a line of wave propagation which are in the same phase of 
vibration. Particles ön a line of propagation which are separated by. 
distances equal to integral multiples of À are all in the same phase. 

It is the distance between two successive crests or troughs in a trans- 
verse and between successive compressions or Yarefactions in à longitudinal 
wave.” ' : o ET OX ; 
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(iii) Frequency of a wave (n) Frequency of a wave is the number 
n of wavelengths contained.in a distance equal to the wave velocity c. 
Hence the relation between c and å is ! 

c—n. (I11-8.9.1.) 

We look at it from another angle. As a particle in & wave starts 
vibrating,. it starts, at the same time disturbing the particle ahead: of 
it on the line of propagation. By the time the first particle has 
finished. one complete vibration, the disturbance has gone over a certain’ 
distance. i This distance isthe wavelength. If there are m% vibrations per 
sec, we haye as many waves and they: coveria distance equal to 2i: which: 
must be the wave velocity, ie. the distance crossed by the disturbance 
in one sec, 

If Tis the time period of:vibration of the particle (and they are all alike 
in a medium), we must have r4=eZ. The reciprocal of T is the’ frequency 
of the particle. So c MT, But c=nA also. Therefore n — 1/T'— trequenoy 
of vibration of the particle as well) ‘Thus : 

c—n-—A[T, : «(111-8.9.2: 
ji and m 1T. A 1 (QIL-8:9.8.) 
Alternatively, T fs the time for one vibration and n, the no, of’ vibra- 
tions in 1 sec. Bo »T-—1. : 
Tf the vibrations in a wave are simple harmonic, ; 
nz i[T— o[0n ta (H1-839.4) 
where o is'sàid to be the angular frequency or pulsatance of: vibration. 
T may also be defined as the time a wave takes in moving through a 
distance 2 (one wavelength). It is the period of the wave as well 
(besides being the period of vibration of a particle). A wave thus has à 
periodicity both in space and time while a vibration, only in time, 
Problems, (Take c in air=340 m/s and c in water=1480 m/s.) 
]. A tuning fork has-frequeney 512 Hz. What is the wavelength of the 


sound wave produced in air ? (Ans. 0.664 m) 
9, The disc of asiren has 40 holes and rotates at 20rev/s. What is the 
frequency of the note produced ? [ (Ans. 800- Hz ) 
3. A dise siren rotates’ at 15 rev/&. If the ote produéed has a frequency of 
300 Hz how many holes are there in the dise ? lo Br (Ans. 20) 
4, Find the; wavelength in airsin water of sounds of frequeucy 20 Hz and 
20,000 Hz... i į [Ans 17 m,74 m 300.0179. m, 007 m..] 


(iv), Amplitude of a wave. -Tho maximum displacement ‘that a 
vibrating ; particle undergoes cina swavexis called the displacement 
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amplitüde of the waye, Similarly, we shall have ‘velocity amplitude’, 
‘pressure amplitude’, eto, for maximtim values of the relevant quantities; 9 

(v) Wave front and ray. When a wave is passing through a 
medidin it is always possible to find at any instant a surface through any | 
point’ (of ;the sedium) on which (sürface) the particles are in thé fime _ 
phase of vibration; "The continuous locus of points in the’ same phaser 


velocity or phase velocity; Tt is different from particle velocity of ihe 
medium. di vd bas 0 ie dM 

A normal to a wave-front is called a ray. The energy that a Wave 3 
carties moves: along the weys, In s Womogenoub meditm, a disturbance — 
produced at a point inside:it, spread’ óut in ‘all’ directions with" equal’ — 
Velocity." Piitticles: equidistünt from ‘ithe séutce Will vibrate inthe sanis E 
phase. Hence the wave front will bé spHérieal. | Stich 'wávés are called) — 
spheri¢al| waves, -A wave in which thé wavefronts are plane surfaces is: 
allsa: äi plane wave. A finite portion óf d wavefront coming froma 
Source very far away is practically: a plane Suríape. and may be treated as. [ 


a plane wave front, i 


(vi) Wave form or wave (profile. . In fig. ILI-8.8, if O executes - 
3n SLM) at any instant the Spave-displacement curve of the particles f 
ly. ing between 0 ant 12 will bea-eomplete &ine;'eurve- (fig. TII-3.5.). «The 1 
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space-displacement curve (for a complete wave abany moment) is known 
as the wave-form. or wave-profile. Tt pictorially represents the dis- 
Placements at any instant of all the particles: lying: within: » distance of 
one wavelength. along, the line of. propagatioin:. (Compare arvo Xi 
fig. II-3.3). -The curve is What: you get by taking a snapshot of a wave 
. Ina) simple harmonic: wave, if we ‘plot the displaceniént curve of 
anu.single partido "tõi a complete » period 7," then also '4 sine curve 
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result (Hg. IIT-9.6). This means that the time-displacement curvé of a 
single particlé of the medium fransversed by simple harmonic waves 
throughout a time-period is exactly similar to the wave-form (i.e., the space- 
displacement curve of all the particles at any instant), iè. the cinemato- 
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i Fig. HI-3.5 là ; 
graphic picture, of displacements (i-e, a record of successive positions) ,of a 
single particle of the medium in a time interval T! agrees with an 
instantaneous or snapshot photograph of displacements of all the particles 
within a distance A. ibd lig 
13.10. Equation of plane, progressive, harmonie waves. |) We 
have introduced before the idealized wave, which we called a, plane, 
progressive, harmonic waye. Let us derive a mathematical expression 
for particle displacement În such a wave. For simplicity, it is a, plane, 
harmonie wave. Ú add! f 
Take the positive x-axis as the direction of propagation, and any 
convenient point on it as the origin (v—0). The equation of particle 
displacémentiat) the! origin’ will be y=0 si ot "(The waves may be 
transverse Jor longitudinal.) A particle ai a distande z'fróm the origin 
will acquire;after sm interval t’ the phase "that the particle at the origin 
has at time t. Hence the displacement’ equation for the particle at « 
willbe ys =alsinw (tt). “Tee is thé" wave velocity act’, and we 
Shall have’ : 
Yu,t= sin o(t—2/c) "A 
a sin (o/o)(ct— a) =a sin (2*/XXet — 2) " (II1-3.10.1) 
Introductng the various quantities 2,2, ^ from; above intothisequation 
and writing k 2r/à(k isealled the wavelength: constant), we en throw 
eqn. III-9.10.1 into various equivalent; ‘forms. Dropping the subscripts 
x, t from, y for conyenience:(since.the sense \is:clear) we Have ` Yd 


yz sin Qanlt—wle)=a sin 2a(t/T-— eT): 7 / dion 
sui 9T —/1) 2d Sim (ot ln) |” Hase o CTT-9, 10,2) 


a4 


2 WAVE-MOTIQY 


The last is the most compact form of writing the equation, We 
Shall use it more often. ais the amplitude of the wave. Remember 
k= 2x/A is often called the wave constant, . A 

Properties of the wave: (1) The waves are plane, because the 
phase angle depends on æ alone. Fora given æ, all points on the y: 
plane perpendicular to the x-axis are in the same phase. Hence the. 
wave front is plane. nd , 


(9) The waves are progressive. If in (eqn IIT-9.10.1) we increase £ by 
l and 2 by c, we get the same value for y. This means that y | 
at 2--c and t+1 is the same as y at 2 and £, i.e. the phase of the vibration - 
has moved over a distance c in one second. Using symbols, we find 

Wer o), (11) 78 sin wf +1)— (dH 0)/c}=a sin o(t— zo) — y, s. 

The phase ‘advances along the direction f te positive x-axis with 
velocity c. The equation | a 

l y =a sin o(tz/c) —a sin (9/X)Y(ct +2) (111-9.10,3) 
when analysed as above, will show that it represents a wave moving in 
the direction of' the ‘negative x-axis with velocity c. 
' — Note: The wavés represented by above equations have no ending. 
They do not indicate any stoppage of motion. They belong to an infinite 
wave-train. oN Sea 
' @) That the vibrations in the wave are simple harmonic is our basic 
assumption. l nc ; 
e (4) The waves have a. two-fold. periodicity, one in time and one 3n space. 
The time Periodicity, is T, for as 4. increases; by T the. vibrations. repeat 
themselves. "They are also repeated. at; intervals!.of space equal to A, the 
Wavelength. Mas the space period. TP 
iy Example, 1II.3.1. A wave has an amplitude 9f 0-1 mm, velocity of 350 m/s 


and frequency 500/s. What are the wavelength and period ? Write down, its 
displacement y at the point m. 


Bolton = veloci: = 350 m/s _ 
Solution Wavelength Ted Arn D em 


Period =1/frequeney = 1/500s-1= 0-000 5. 

nol Equation ':> Y= OOU sin 2x 500(—2/36000) em, acs 
Here y and @\areincem andié'in seconds, Tr y and $ are ih metrés; then 
ay Lites Sin, 1000r(¢-2/350) m. |. is; pol 

Ex. HI-32.. Show that the equation-y = 0.5 sin = (64¢=2) represents a 
Progressive wave. Wind! 'fíom ‘the equation the values of the“ amplitude: 
‘requeney, Mey wavelength ane phase velocity of the wave, (The units are in c.g.8.) 


CUN 
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Solution : Comparing the given equation with Eq.» ITI 3:10.2 we canat once 
write down (in the c.g.s, system) : 

Amplitude (a) = 0.5 cm; wavelength (2) = 3.2 ems. 

Phase velocity (e). 9.64 ems/s. Frequency (n) — 20 per sec. 

Consider the displacement of a particle at co-ordinate #464 at ‘time £1: 
From the equation, this is 


y! = 0.5 sin 32 T 104 (£1) - (v 64) 


= 05sin.2 e| (t2) jo 


Thus we find that a particle at 7 +64 cm acquires the motion of a particle at c 

after one second. This means that the disturbance travels'a cag of 64 cm 

in one second, i.e, it is a progressive wave. t ( 
Problems (1) The displacement equation inta wave is 92-1075 sin 27 
t LÀ peg i 4 

(siu) metre. If ¢ is in seconds and x in centimetres, find (a) the 


amplitude, (b) period, (c) frequency, (d) wavelength and (e) wave velocity., 2 
[Ans : (a) 105m; (b) O01 s; (c) 100/s; (d) 200em.; (e) 200 m/s) 
(2) If the wavelength is 1 metre, what is the phase difference in the 

vibration of two particles which are 10 cm apart on the line of wave propagation ? 
[Ans, : 36°. Note that a distance 4 corresponds to a phase difference of 2«]. 


III.3.11. Periodic waves. Vibration of particles. inva’ wave may 
be periodic, but not simple 

harmonie (fig. III-8.7c). 
Such.a wave is a periodic 
wave, bu& not a harmonic 
one. Musical instruments 
or radio transmitters may 
produce them... We. -have 
said before that a periodic 
vibration may be expressed 
as the sum of a suitable 
number of S.H.Ms of appro- 
priate amplitudes.Similarly, (6- 
any periodic wave may 

be vexpressed’“ais thé sum 

of a suitable number of 
harmonic waves of appro- i» i Big. 13.7 

priate, amplitudes. Curve III-8,7(c) is thë combination’ of pure simple 
harmonic waves|IIL-3;7(a) and (b); J 


velocity determined by the elasticity and density'óf the medium; ' d 


(ii) Each particle of the medium executes the | same. vibration about 
its equilibrium position with identical frequency and amplitude. 


es ptit 4p og fa "ES 
Progressive wave-molion is thus 


The wavelength X^ gives the periodicity in 
the, petiodicity, intimes: In timo T the” wave moVes'h distante 1, — 
giving a velocity of wave Propagation o=2/T7, a ratio: Of the two periodi- i 
MCN AN LN N ay or et "onl 
“\() Progressive ‘wave motion carries énergy from one" point to 
another along the wave normals, ie, the ray, Without any bodily - 
transfer of the medium, ZN Im 4 

(vi) As a compressional /(i.¢., longitudinal) wavé proceeds, every _ 
point of the” medium suffers the same changés in ‘pressure and density 
(in fluids) or stress and density (in solids), © “*otholery mhediy oso! Mi 
ii There are various kinds 
characteristics, 5 


III-3.13. Characteristic piopertie 


space and 7'— 1/n gives 


of wave apparatus to ‘demonstrate the above | 


y 


(O Through a Hotilogenactis: isotropic median wes’ travel: with | 


ted I WI 
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first phenomenon is known as reflection and the second as refraction. 
They occur at any boundary, the elastic properties or densities on the 
two sides of which, are different. In both cases there is a change in 
direction of wave propagation. ‘The laws governing reflection and refrac- 
tion are already familiar to the students of light. 

(c) When a wave meets an obstacle of size comparable with its 
wavelength or passes through an opening of similar size, it bends round 
the corners to some extent and encroaches into the region of geometrical 
shadow. This phenomenon is known as diffraction. 

(d) Iftwo identical wave-trains passing simultaneously through a 
medium continue to meet in opposite phases at some points, the particles at 
these points will remain permanently at rest. Two waves in this way 
neutralise the effects of each other at these points. The phenomenon is. 
called destructive interference. 

(e) If a wave meets a small body in a medium, that body is thrown 
into forced vibration by the wave. The body (of size small compared with 
the wavelength) absorbs energy from the wave and radiates out this energy 
in the form of. spherical waves through the medium. The phenomenon is. 
known as\scattering. It weaknes the waves. 

(f). Transverse waves have a special property known as polarization: 
which longitudinal waves do not possess. "The transverse vibrations may 
be confined to a plane containing the direction of propagation. With 
appropriate devices, these vibrations may be prevented from advancing. 
But this cannot be done to longitudinal waves. Light waves show 
polarization ; sound waves do not. Polarization distinguishes between 
transverse and longitudinal waves. 

III-3.14. Comparison of transverse and longitudinal waves. 


Transverse wavs Longitudinal wave 
l. The vibration of particles is 1. Vibration of particles is in the- 


ght angles to the direction of wave | direction of wave propagation. 
propagation. 


9. Can be produced only in solids 2. Can be produced in solids, 


but not in gases or liquids, liquids and gases. 
8. A crest and a trough make up 8. A complete longitudinal wave 
a complete wave. consists of a compressed aud a. 
rarefied region. 


4, Exhibits polarization, 4. Does not show polarization. 
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SOUND WAVES, 
VELOCITY OF SOUND 


HI-4-1. Sound waves are elastic waves. (1) It iis well known 
that ‘sound Fis! due: to vibration of a body and that it requires a material 
medium for propagation. Sound cannot pass through Vacuum, 

(8) As sound travels through sir, tke air does not “advance with. the 
sound. Even in a loud sound, there is ‘no air current. Waves behave so. 
An advarcing wave does not carry the medium with it. 6sen 

(8) Tn all ‘media (solid, liquid’ or gas), sound travels with a definite 
velocity characteristic of the medium. "The velocity’ is determined’ by the 
elasticity and density of the medium. Other waves behave Similarly. So 
sound must be wave-like in natures waves in à material medium.” 

(4) All waves have the common prorerties of reflection, refraction, 
diffraction and interference. Sound shows all these ‘properties: This. 
supports the wave nature of sound. 

(b) Only longitüdinal (also ‘called MPH g waves can move 
through gases ard liquids. Transverse waves cannot do so. Hence 
sound waves must be longitudinal (that is, compressional) in character. 

(6) Only transverse waves show the phenomenon of polarization. 
Longitudinal waves do not haye this property. Sound: does not show: 
polarization. Thisssupports the longitudinal charscter.of sound waves. 

(7) Sound waves have actually been photographed. 

These facts convincingly prove that sound Waves are blastic waves,. 
longitudinal (compressional) in character. s 

II-4.2.. Definition of sound. Sound bes been defined by ‘the 
American Standards Association as follows : 


Sound is an alternation in pressure, stress, particle liil Moment. 
or particle velocity, which is:propagated in an elastic material or 
the superposition of such propagated vibration. 

The definition is objective ; it does not depend on whether anybody can 
hear the sound or not. Sound is audible when the frequency of 
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alternation lies within the approximate limits 20 and 20,000 Hz. 
bats, birds can hear higher VN (1Hz- 1 cycle per sec), 


ansihods, of detection and measurement in sound depend on the m 
sound pressure. 

ivo Audible and inaudible sounds. “Whether compressional waves will 
;produce the sensation of sound in'the human‘ear or not, depends upon the 
wave frequency.) Ordinarily, the ‘human ear responds to compressional 1 
frequencies in, the approximate range, 20 to 90,000. Hz. The range, 
however, varies/from. person to person., In. the same person, the "e 
is reduced with age, 


ultrasonic. waves. They. are also inaudible to the human. air. 
ultrasonic waves now forms a very important branch of physics. 
found useful applications i in industry and other fields including medical . 


IIL-4.3. Sources of sound. Any solid, liquid or gaseous body which 
can (1). vibrate. between, 20. and 20,000 times a seoond, and. (2) transfer 
4he-vibra&ions to the.medium in which it is situated, (8). producing com: 
pressional waves in:the medium, is. source of sound. If the frequency. is 
beyond this range, the sound is inaudible, but the waves are there. 


"^ Oléarly, a classification of sources ôf sound does not carry much sense, - 
unless you decide on the basis of classification. » When we hear. sound 
we can try to identify the source of.sound. .. Strike .a solid; you will heat - 
sound. The solid. is the source, When rain-drops fall on the water in — 
a pond, the sound that you hear is due io the vibrations of portions of 
water. These vibrating portions are the sources, In musical instruments 
-we can identity the sources often easily. In stringéd instruments, such as 
the sitar, esraj, piano, guitar, etè., the vibrating string isthe source. In i 
Percussion instruments; such as drums setos; the. .vibrating membrane is 
the source: In ‘flutes or clarinets, Abo ibang ir enn sii #09 ;1 
"Source. inus to ro 

a voice bow, a small organ ; inside the throat, į is the most, important i 
Sopce of sound tops; Jt bos, two thin membranes (vocal cords) nearly | 
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closing the gap in the box. Air from the lungs is forced. through. this gap, 
causing the merlgane to vibrate. : These vibrations produce the. sounds 
we emit. f ^ In 

For experiments on sound we TOREM a source. which generates 
simple harmonic vibrations in ‘air. ‘There are’ complicated electrical 
devices for the purpose. Buta very simple one which you will use in the 
laboratory is the tuning fork. . It is described below. 


" The Tuning Fork a special source of sound. In considering ihe 
action of waves it is very helpful to have a source which produces waves of 
a single frequency. For Sound waves, the tuning fork is such a Source, 


idc dunipgorke vettengulse Bax: benidiunio the dorm ef aD MOI e EN 
attached at a bend (fig. III-Mla) If any of the arms of the fork (called 
prongs) is struck, both arms begin to vibrate. The vibrations (unless very 


3 


2 
| 
1 


Br URN 


i T 
Fig, 2IL44 


-strong) are simple harmonic. The nature of the vitals has He. shown 
in fig, III-Llb. Both prongs simultaneously move inward (as at 1,1) or 
simultaneously outward (as at 2, 2). Two points (N, N) near the bend 
do not vibrate. They are called nodes. The bend (B) between the nodes 
rises and falls as the fork vibrates. So the stem erame an up-andedown 


horlurtar Fuxg 


motion, -i 9 
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A tuning fork has the special characteristic that it gives out a sound c 
only one frequency. A sound of single frequency is called a “pure tone. 
Ordinarily any sound has several frequeucies in it at the same time. Becatise: 
of its ability to produce a sound ofa single frequency, the tuning fork is an 
essential equipment in a sound laboratory. ria 

The frequency of a tuning fork can be lowered by loading one of ifs. 
prongs. Some forks ave "provided with sliding weights called collar (c). 
(fig. II[-4.1c) If the; collar sis fixed, near ge free, end . of the fork; the 
lowering of frequency _ is greater than ifthe weight is fixed nearer the 
nodes. Instead of sliding weights we can use one or more turns of thin 
or thick wire wound round a prong, Frequency can be slightly raised 
by filing off some material from near the end of the prongs. ‘The frequent 
of a tuning fork is 


n=(k/l) Jqlp : ( 10-4.8-1, ) 

where k is a const, } the length of the prong, q the Young's modulus 
and p the density of the material of the fork. 

A standard tuning fork is mounted on a wooden box open at one end 
(fig IM-1.4c) Itis of such a size that the air mass inside, can resonate: 
with the fork, its frequency varying inversely as the prong length. 

If the mass of a prong is reduced, say, by filing, its frequency 
increases. | 


HIL4.4. Mechanism of sound propagation. Let us now study the. 
state of motion of air when sound is propagated through it. Consider 


| em 
Nay 


iiin tuning fork’ emitting’ sound (fig. TIT-4.2a): ` Imagine the 
undisturbed layer in front of the prong tobe divided into thin vertical. 


i 


P Fig. TL2) 
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layers ofvequal thickness, As\the arm moves oníwand it compresses sthe 
layer imdront of its. This layer presses the next layer into a smaller 
volume. ‘The second Jayer in its turn compresses the third layer and 
soon. Thuscthe compression advances to the right from layer to layer 
with à defmite velocity. By the time'the arm moves from the Jett Lend 
to the right-end .of its swing, the state of compression advances through 
a certain distance depending on the period of vibration of the fork and the 
density and elasticity of the medium. 

As the prong starts swinging backwards to the left, it creates a 
partial, vacuum. behind it and the air layer in contact with it expands. 
The next layer being relieved of pressure also: expands. The following 
layers follow suit one after another. ‘Thus a state of rarefaction’ is passed 
on from layer ‘to layer ‘travelling with the same' "ydlociby as ‘that of the 
compression. A compression ‘together with ‘the _Taréfaction following it, 
forms a complete longitudinal wave ‚of sound. "The , particles. vibrate 
simple harmonically to and fro since the vibrations of the..ferk are iso. 
Actually,..you./do, mot, have.; air Jayers, . you. .haye, air , particles... .Pheir 


ea = on um 


"h oO ee jC- - eT 


om Sa --R-4 


‘Figs 411-420) noig I gagyo Jimi 9 
[O &Conrpression:: ‘R= Rareiaetion]: BGT IU, 


vibrations, and a model provided by longitudinal. vibrations, MS a “sping is 
shown in fig. IIT-4.9b. od: fOn BE live noiae 


So long as the fork Peirce alternate compressions and rarefactions 
occur in the surrounding medium. The moving pattern of alternate 


4 
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compressions and rarefactions of the medium constitute sound. waves, 
l From a small source’ in a 

homogeneous - medium the 

generated sound waves 

Í ) , spread “out spherically\ag 3 
shown in fig. III-4.8. ' e 


Particle of air. We clarify two — 
Fig. III-4.3 ideas in this connexion. One i$ — 


the word ‘particle’ when the medium is air., A particle of air does mot mean à | 


molecule of air, but a small volume, say 107** cm*, of air, At N.T.P. it contains 
about 10* molecules. Air molecules in this volume may be supposed to have 
the same displacement from the mean position of the volume. In the | 
displaced position, the. volume will not contain exactly the molecules it hadat — 


the rest position, , Many molecules will leaveth» volume. due to their thermal — | 


motion, while new ones will enter it, Density over the volume however is supposed 
to remain unchanged. The same applies to liquids. In spite of their granular’ 
structure, we treat gaseous and liquid media as continuous so far as wave propa- 1 

gation is concerned, E 


Particle velocity and compression. The other is the relation between particle 


velocity and compression, As the right prong of the fork moves from its extreme — | 


left to its extreme right position, it gives the air particles a velocity in the ` 


direction of wave propagation. The particles disturbed in this half of the motion 1 
of the prong constitute a compression. Note that during the first half of the 


left-to-right motion of the right prong, the air particles in contact with it 
were to the left of their rest position, Hence particle displacements during this | 
quarter of the fork’s motion were opposite to the direction of propagation. ; 

IN-4.5. Velocity of sound. The velocity of sound in a,-medium 
depends on its elasticity and density. Newton proved that for longitudinal 
waves in a medium, the wave velocity c is given by c= ./H/p, where E is 
the modulus of elasticity of the material and p its density. 


In liquids and gases the relation reduces to c= »/ Klp where Z is the 
bulk modulus and p the density of the medium. 


*A. Velocity of sound in a gaseous medium, Consider a very long 
tube of unit cross 11 section fitted with a gas-tight but frictionless piston 
(P) (fig. I1I-4.42)]. Let the gas be at rest under a pressure p and have density 
P. Push the piston suddenly with a constant velocity u along the tube from 
A toB, It will compress a layer of air directly in front of it and the 

compression will pass on to the succeeding layers with a speed equal to 


*Derivation not in the syllabus. i 
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‘that of the velocity of sound in a gas. Let the pressure and density in the 
compressed layer be p“and'p’ respectively. After atime ¢ the piston has 


moved through 'à distance wt and the ‘compression, due ct. So the 
layers that would have covered the length ct without compression, must 
be packed together within the length (ct— ut) because of the compression 
(fig. TH-4.4b), Since the mass of these layers must remain consant and we 
take their:cross-sections to be unity, we have 


(ct—ut) p =ctp or (c—u) p = ep (I4) 

or o(p'—p)= up’, or p'/(e'—p) = clu. (T11-4.5.2) 

Now the impulse’ given by the” pistor i$ equal to ‘the “increase of 
thomentum of thé layers. Impulse is force X time and foree is provided by 
the change 4n pressure before and after the motion of the alarm The layers 


"being originally at rest, we have | NCC CH 
h increase of momentum = mass velocity [Med Vo 
e (=p) % t= eima bi 0 0o 
or p—p —(c-w)P'u .— t ir 7 Mies?) 


But volume elasticity K is given by 
Rim increase in pressure 


reduction in ehe pes SUR Oita) 
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= Gp Ae gp) 

nm 

= (c—u) p" mo (from eg. T-4.5.3, and b 

-=p "— 5.11) 
Ag 


n 


had deltnied this ewe on theoretical grounds. If can be sail 
that for a-~perfeet-gas -K=P,-the-pressure— of the~gas, -when -the ` 
change is ds isothermal (ie. takes place at a constant temperature), — I 
Proof. - Let. V be the -volume.of a ‘given ràss-of a-gas in.a.layer 

the pressure is "P. “As “the layer is compressed due to the-pe 
compressional wave, le& the pressure rise to(P+p) and the volui 
to V—v. Then from Boyle's law we have v 

(P--gKV—9) = PV ‘or PV—Pot+pV—pv = PV | 
As the product pv is very small, we negléct it and get Po—pY, ` 


and o ag agr TRE eng vr mmi the a É 
ues upievouqeroe ono (04V... itsachange of volume, per unit, volume», 4 


torban 3 obe eE: a 
; NRE ec “[iiboke y regTr833] - 


In a perfect gas. we shot Mass have (pressure changes! bà 

l pésamhed isothermal) jr y ; j 
=N Pip, è (E45 

»Applieation .of esa s formula to. sound waves in. open i 
TNéwton's formula for the. velocity:af compressional waves:in a-pe 
@igvapplied .&o:-ealeulate the, velocity of- sound. .in..open. sair. ...Assum 
conditions of standard temperature and pressure, i Le... T 72185 a 
P-216x193'6x 980 dyn/om* „and E at STP— 0001293g/cm*, we e 7] 


z = ,/ 0186X980 TOXITOXIRD a 286 m/s. 

The experimental value, 331 m/s, is much higher than this calculate 

value. Evidently there must ee " os ^ góme Strat ^in" N& 

assumptions. i teary Hf t 
C. Laplace's aE Wi P'Füriilàla. Laplace 

that air is a bad con ibtór of Hat and Xhe-volüme'changes in sound w 

-occur very quickly. Hence stich volume ‘Chahges cannot be isothe 


n0 
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A:compressed. layer. musto remain: mbit: hotter andia- rarefied? layer a bit 
‘coolant than -niotmal `Hesconsideredi the volume: changés-to be adiabatic. 
‘This means that, heat :cannat . Ipavé; w compressed layer: nor ‘enter 'a 
rarefied layer so as to equalise their temperatures ; this is due to 
(i). the bad. conductivity of air and (ii) quickness of changes. 


Under, adjahatic, conditions the nresgure-volume, ohanges;of: partect ‘gos 
4s governed by the, relation P." =consti where .y isa constant fora given 
gas. Differentiating as in equ 11-3.9.8 .we.get_ 

P.yY!7! dV--Y*.dP =0 

or PP.) APS Va 

one yP= —7 ak " 
c= JR]p7 JYPle (mm-45.6) 


viti NT conditions the bulk modulus of a gas is thus yP. where. 
y is a constant characteristic for a gas. For air J= AT, Laplace found 
that when wo'takei0= J141 Ppi the’ valie agrees very Well with ‘the 
experimental value. So, in a gas the sound velocity c= wis Plo: Plo. Lo- HT «p 

y of & gasis the ratio of its molar specifiesheats ‘at ‘constant pressure 
(6: tothateat constant: volame (0a).  ieiymOslCo 0 CILS or 

For monatomic gases like A or He; #=$° or 1°66" while for’ @iatomie 
gases it i9 D or 1.416 Air: being: mainly a mixture of Qand" Ni, its y 
valué can be taken ds Uso that velocity öf sound'at ips ii 

ones Gai eim 839 mls. o tit) 
which is,, very... close., to . theg, experimental . vane. ^ picto d sound, | 
3814 m/s. Thns.Inplacé'8 assumption: stands justified, iia 10" yaaa 
Stokes has. shown. from. thermod ynamical considerations that, n 

change must Be either very neatly isothermal ‘or very nearly Ee 
and nothing else ; otherwise, attenuation would ‚be: very; high: The. ‘fact that 
sound waves travel over large distances before fading.out, therefore, precludes 
a type! of) change midway, between or, appreciably different, from adiabatic 
and isothermal. 

JI-4:6: ^ Factors which’ affect’ the velocity’ ‘of sound in àir. All 
factors whieli-affeet the ratio of pressure to density jf. ait alio affect the 
velocity of sound in air. fo pup a 

(i) Etfect.of pressure.: So long ais split QUIA 
a ‘change: of: pressure | alone::does!inotn change" the: velocity,” because. at 
constants‘tomperature: P/p is)constantp: density” ibong “proportional to: 
pressure. Sound velocity in a gas is thus independent»af pressura alone. 


zm 


M 
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i Gi) Effect of temperature. | Density of air changes with ‘temperat né 
according. to. Charles’, Law. If poi and» ps arethe densities of à es 6l 
0°C. and ra respectively, then according to Charles’ Law, f 

ot onb si pid pepi a) in : 5 E 
where «, is the coefficient of volume expansion of air at mé re press 


yer. ^O and is very ‘nearly equal to 1/978 for sik "Ite, &nd “op are the 
velocities:of sound in air at 0*0 and t"O respectively, then 


= JyP čao Bf. 
ct = polo V1 +s EEE LI "b Es ans) 


in which Tis the absolute temperature Pom m to (^O and LA 
that to 0°C. ing 

Thus sound, velocity in a perfect, gae is ronem to, the. square root | 
of its absolute temperature, > o E 


| When (tbe... change, of bomn otat is small we, have, fronti 
eq. IIT-4.6.1. i m | 
EE iter ttt or a- Tol tS), (D1463) 
Now. <p=1/273 per. ^N nearly. Taking c97:931 m/s; we firid that) 
the increase in the. velocity. of sound per °C rise in. temperature around - | 
0% is dos aby X831. mjs 6L m/s... Tho velocity jaf und: in ain 
increases by about.0°61 m/s for every 1°C. rise in temperature around, 0" 0-1 — 
(iii) Effect of simultaneous changes of pressure and temperature. 


Let Pi, t, p," be respectively ‘the pressure, celsius temperature ' and : 
sra of air initially." Tet the final values be Pa, ty and p>. i 


vet ty OET FE) K=7,K and ta; o= (ri E dec. " à i | 
s From the perfect; gas,. laws, we have s»« mi ui Conti 
Ie. tt ae ei ei d, "Nl 3) I 
pat, Palla Deere se phim 4 (I-46 ja 


2 Y ei bow 
Therefore, the velocity of sound, (n.a perfect. gas will, dix prapa j 

to the square, root of absolute. temperature Sen relin, diii and, - 
temperature change simultaneously. Ja 
in (iv)... Effect of humidity... Water. vapour is^ "oum fhoistE dnd has | 
a density of 5/8 relative, to air. Hence: the density of air. diminishes as its — 
humidity, i des ee increases... befann ‘therefore -moves faster | 1 
in humid.air than in dry'air. ` S bicis eleg 


Dihirod: $09. 
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(v)' Effect of wind. Thé" velocity of sound in air means the 
velocity with which sound waves move relative to air. If the air itself is 
in motion then to a stationary observer, the velocity of sound will be 
the resultant of the two velocity vectors. Air in motion is ‘wind, Hence if a 
wind blows in the same direction as the sound, the „velocity of. sound will 
be the sum of the two, velocities, .Wind velocity does not affect. the 
velocity of sound relative to air. It is the velocity relative to the earth 
that changes. 


Over a very wide range, the yelocity of sound in air is not affected by 
frequency or intensity of its waves. ` : 

(vi) Velocity ot. sound in other gases. For simplicity we .can 
treat other gases like hydrogen, oxygen, nitrogen, etc. as perfect... They 
will therefore, be similarly discussed ‘as for air above: Where y i$: 
the same for two gases, the velocities in them under the \same conditions 
of pressure and temperature are inversely proportional to the square roots 
of their densities, Since the density of a'gas is proportional toits molecular | 
weight, we may also say that the velocities in two gases of the same y and 
under identical conditions, are inversely proportional to the square roots of 
their molecular weights. Vb ni 

An Alternative Method. for Considering Faetors affecting 
Velocity of Sound. We know that the equation’ of state for an ideal 
gas of which a mole is considered, is $ i* 

PV=R,T and V=M/p where M is the molecular wt. 

Then we have PM/o =RoT and yP/p=yRoT/M —— 

-. Velocity of sound c= A/3P[p— VyRoT/M 5. (TI1-4.6.4) 

This relation tells us that the velocity of sound through a gas is 


(i) "independent of pressure, for P is absent from the expression. 
(ii). varies directly as the square root of absolute temp. T^ , 
Gii) varies inversely as the square root of molecular wt. M i.e. p 
(iv) varies as the square root of,” which depends on the number of 
atoms in the gas molecule. / ` 
Example. I)I-4.1. An observer. sets his, watch by the sound of gunfire from a 


distant tower. His watch is found to run 2 s slow. If the temp of air be 15°C and 
velocity of sound at 0°C is 332 mls find the distance of the tower. ( Pat. U. Gau. U.] 

Solution: Velocity of sound increases: by 61 m/sec for 1°.: rise in 
temperature. Hence the velocity of sound in air at 15°C is c=332+ 0.61 x 15 
2341.55. metres/sec. 
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Sinee the observer: finds his watch too. slow: by 2 seconds; sound: took:2seo, — 
in. travelling from the tower, to the observer and covered in that. time a distance - 
equal to 2% 341.15 = 682.3 metres. 5 di 

Ex. 11-42 Find the wavelength in air at 30°C corresponding to 512 eps. 
when the velocity of sound at PO is’ 832 metres[sec and coefficient of volume 
expansion of att is 000366: ; ar (And, em 

Solution : Velocity of sound in air at 30*C is given by i 

Coe eu(14«t) = 389(1 2-3 0.00860: 30) "Ta 
= 832 x 1.0549 metres/sec. | 

‘e Wavelength à = c/n = 332 x 1,0549/512 3 
= 684 om. n | 

Ex. IIl-4.3. Find the barometric pressure when the velocity of sound in air is _ | 
840 m|s and density of air is 1.295€ 107* gle, given that^ = 1.41. (U. PB] - 


| Solution’: Weknowthate = prx J Bim oly Hpg w 
where H is the barometric beight and p! the:density of mereury: 3 
oe H =.c%p/yp'9 um 


= (840 100)* x 112 x 10-7" /(L41 x 13.6 X981). 74.99 cm. l 

Ex. HL-4.4.. Calculate the velocity. of soundiin- air a 100°C-if the density. of air 

#8 0.001293 gmle.c, and density.of mercury 13.6 gmco. bath at, 0°O,specific heats 
at constant pressure and constant volume for air are 0.2417 and 0.1715 respectively. | E 
(Lond. H. S. c) | 

Solution : The required ve locity at 100°C is 


oret o ut yb T 
i ‘C100 "0. Va ig D vi i 
where P is the normal atmospheric pressure; pthe density of air at PC andi - 
y the ratio of its specific heats. Now p 
P = hog = 76x 13.6 x981 and y = 0.2417/0.1715. 


a Croo = 4/ 02417, 76x 13.6x OBI 378 
me- V MEE VIS 
= 383.6 metres/sec, 

Ex. III-45. The planet Jupiter has an atmosphere composed mainly. of methane 
(CH,) at a temperature of -130°C. Find’ the velocity of sound on the planet 
assuming y for the gas tobe'l.9. ( R=8.3. joules PO in. molecule ) [O0xt.U.] 

Solution: “Eq, TIT-4-6:4 shows that velocity of sound is given by c= VyR7/M 

Now from our data y= L3. R = 83x07 ergs/°C/gm.molecule, M for 
CH, = 12+4 = 16and T= — 1804273 = 149k 


^j hp RESI uia 83x 107 *149.., 9106 metres/sce. 


Problems: (1) Ifthe pressure in a vessel containg hydrogen be equal to 
that due to 76 cm of mercury, find! what will'be the velocity of sound’ through 
hy drogen, giver that its density under thë given’ condition is 0/09 glitre. ‘Take 
Y = 141 and g = 981 em[s?, ( Ans. 1:26 10% em/s J 
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(2). Ax; 3CP C, thes: velovity: of/o und) iiai is ami mje What is tHe’ value 
at PG? — (Ans. 3918 mfb ); 

(3) Ifthe velocity of. soundi in:open. air:at.ST P. be 392:m/sy what will be its 
value at 50°O and 70 cm/Hg of pressure ? 


( Ans. 3602 applying. Egi I-46 2. Itis better to,nse'the previous Eq.) 

IILA47. Velocity. of sonnd.in. liquide. When~ sound-— travels" 
through a liquid! the waves" are still longitudinal: Hence c= Kip. 
for velocity of sound still holds. The compression of the liquid is so 
small that iteis immaterial whether) the changes’ in the medium are 
taken as isothermal or adiabatic, | Tough strictly- speaking, adiabatic 
volume. elastiaity should be considered, experimentsyield ibs isothermal 
value. For water at least, théitworarey almost caual Thushvelocity: of 
longitudinal (waves in water’ is’ given’ by the square root of the ratio of: 
jsothermal elasticity to density i.c. J Elo. Kle. -— 

‘An accurate knowledge of. the speed. of. sound. in seawater tas reqnired. 
in the: caleulabion. of.its depth: by,the,echa, depthrsounding method.. . 

Velocity. of sound; through ‘seaswater\can be:determined’ easily: by: the: 
radio-acoustie rnethod''wHere two ships take” part. “From ‘one, a radio 
signal is'sent out and simultaneously an under-water depth charge 
detonated. The &wo-signalsaxé received by: the: other ship’ at ‘a known 
distance away: ^ 'THe’reception of wireless signal marks" the start of the 
sound waves and the method is exactly analogous to, the signal’ method 
of finding the velocity of sound on land. b 

Underwater signalling experiments have given the following, results 
‘for sea-water :— 

(1) The velocity near the surface at temperature Po is 
c—1445.5--3.991— 0.0942? m/s for salinity 3.5% by weight. For 1% 
increase in salinity the velocity increases by about 18 m/s. 

(8)' Doss of intensity’ with distance, ie: attenuation, is small and is 
‘due mainly to non-homogeneity in water caused by changes of tempera- 
ture ‘and’ salinity: That is why sounds under water cam be ‘heard at 
very great’ distamees; ^ For this reason lightships and buoys are’ provided 
with! massive underwater bronze bells, vu by the 
ships’ hydrophomes: far far away: 

(8) "The range’ of sound is much greater’ in winter than in summer. 

For'solids;in the form of rods and ‘bars the velocity’ of sound is- 

c= J¥/p where Y is'the Young's modulus of the material 

and e- A/(K-$n)p for extended solids Whore and ‘mand bulk: and 

rigididity modtli'of the material respectively: * 


——— 
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Velocity of -sound in other media. Velocity of sound in solids is 
in general higher than that in liquids, and that in" liquids Higher than 
that in gases. Some values are given in the table ‘below. 


"ula 


f thes ead of sound in dtterent media T 


. Solid rods and — 

‘ : Hi metres/sec. a 
Air Copper eme] 8790 D 
Hydrogen Steel .. 4c 5150 dud 

xygen — | Glass (crown), |. 4710—5300 p 
Sulphur dioxide Brass i 8180—3450 
Carbon’ dioxide Water (25°C) 1497 How) 


monia Sea-water (8*0) . |. 1516 ty 
Ex. IIl-4-6. An explosive ona rail is detonated by the passage of a train 
passing over it. A listener ‘one kilometre away with one ear on the rail hears two 
reports. Explain the phenomenon and caleulate the time interval between the tio” 
reports. Given, Young's modulus 4) for steel 2x10** dyn]em?, p of steel 7.8 
glem*, p of air=0,0013 g|em*, y fon air=1.4 and atmospheric pressure 108. — 
dynfom*. [ Ox£., Gau U ]. 


Solution ; With onejear on the rail, the listener receives the sound of the» 
signal through the rail.and with the other ear in air he hears the sound coming: 
through the air. Velocity in the two media being different two reports are heard. 

dong s sound through the rail, 

Elp = W2x10']7.8 = 5064 m/s. 
ei" di M for this sound to travel -through 1 km of steel is - 
{= *9g27e064=03 s. 
_ Velocity of sound through air, 
m APT , N14 x 105/0:0013 = 328.4 m/s. 

7. Time required for sound to travel through 1 km of; air,is fe 109/8284 
= 3.0s. Hence the time-interval =(¢-t') 29.8 s. 

III.4.8. Doppler effect. It is an effect associated with waves Abel 
the, source. or. the receiver is. moving. When ‘any one or both are in 
motion, the apparent frequency. heard is different from that. emitted 
by the source. The effects upon the apparent) frequency of al wave 
is produced (i) by the motion of. the source towards or away! from an 
observer at rest, and (ii) by the motion of. the observer: towards or’ away 
from a stationary source, are known as Doppler Effect. ] 


| Broadly speaking, we may say that the Doppler effect is the apparent 
change im frequency as perceived. by..am. observer. when there is relative. 


tio 


im 
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motion between the (observer. and a, sowrce emitting; periodic waves, thes 
motion occurring along the line joining the sourca.and the observer. 

The whistle of a railway engine or the sound emitted by a moving 
aeroplane appears to have a higher frequency as it approaches an observer 
at rest. As the source moves away | from the observer, the frequency 
appears to be reduced. When a moving observer approaches a source of 
waves, the apparent frequency increases, ‘When the observer moves 
away from the source, the apparent frequency falls, These are ‘all “cases 
of. Doppler „effect, . The effect is: common to all wave motions including 
sound and light. For the effect to be appreciable the velocity of the source’ 
or observer must be an 


appreciable fraction, of the OP E 


wave velocity. In calcula- H ` 
Wi c stand for TATE it ee afta -e = aj 

l DAAA ANANA 
velocity. t ai AVA 


jA. (à) Source moxing + si 
Observer at, rest.. Let. the Fig. III-L5 (a) 
source B be. moying towards the. observer with, velocity Us. "The n waves 


emitted by, it in.one second will be ‘contained in a distance c—v. (fig. 
p se II-4.5a) and. will have a. 
? $— wavelength =e- y/n. 


ODSSYLV AS adi | Ehe observer will take them 
Mer a Mes MART 

ONAYA as waves of frequency 

j n naaa A A'—c[A -mol(e— 9.) "^ The: 

Fig. TIT-4: 505) '"éhange in frequency is 

n -n= noe v;). ' (XIT-4.8.1) 


Ifthe source is moving away from the observer, the sign of v, ye x 


negative. In that case we shall have [ fig. III-4.5(b) ] 
n/ Znc[(c--9,) and ^ +n — vgl (c -v;). (TI1-4.8.2. iji 


Gi) ` Observer moving ; sourcé at rest. . When the observer moves 
towards the source with a velocity vo (fig. III-4.6) he receives in one 


ort at Y " "Oo o - tte S- * 
LÓÁ—————————————————————————ÁÀt-— 
1 Shed Sa et Ree 4 " — Qut a » 
| ; 
Er C EET S cm 
w epu eae 

voli aaiqpotE ut Fig. I-46 
second! all “waves contained in  &'distance c+. ‘This number is. 


E 
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n! (orbo) s (ova) (ofn as n- "waves. aro contained in a-distan 

"Hence the apparentfitequensy-is: ni=nle-+v)/ei: (Hie4, 
Tt is greater than p ^ ^ Po 7 iyd T 
Tf the observer is moving away from the source with. velocity v,, th 


sign of ve in the above relation will. he negafiye... Thus j 
n= Who toll Ra 


líislesthang. i 7 
‘Remember that in-all'thése cases” is'the frequency as’ it’ appears Tto 

‘the observer, |^ 0007 1 in 
Problem. For the same relative velocity of approach between a source of 
“sound and:an observer, show that the rise in frequency is greater When the soured. 
is moving, vie /. T. nt 
(ili). Source and observer both moving. Let the source approach 
"the observer with velaeity—-vs while tho observer at the same time 
approaches the source with velocity vo Then waves’ of ‘wavelength 
(c—v)/n approach the observer. Then the waves recéived by the observer. 
‘in one second are contained in a distance c+. Since thésé" waves have” 
the wavelength (c—v,)/n, the number contained “it thé distance c oj is 
given by i Hi F 


—— | 


Wile b, i OF vo ( IH:4.8,5. ) 


(c — v; n €— Vs 

This is the, apparent frequency perceived: by- (jio wbsower. If either 

‘the “sonree. or the observer move away from the. other, the sign of its 
velocity in the above relation will have to be accordingly reversed. 

i (iv), Effect of Wind, If there is a wind of velocity w in the 

direction of c, c ig effectively increaged to ctw, This applies to, all of the 
last three; equations, Thus from eq, II[-4-8.5,, we shall then have 


‘1o Qd T Ue. 
e deni | (-80-4.8.6. ) 


The equation may be taken as the most general one in Doppler effect’ 
"when- alli motions are in the: same: line, With. proper. considerations, 


* COT 
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Of signs of sand, Wo and. with 170. (mediumrot moving), :itiméduoes to 
the appropriate relations stated.esrlier. ...You.must.note a ee aign 
; of Ygrand Vo. d 
Bx: FIDA. A hofór car “approaches antl. passes a’statronary observer with a 
speed of 20 mph. If the horn emits: a frequency of'300' Hz, ihat will be the 
(i) absolute change in frequency; (di) percentage change in frequency as the car 
“passes the observer ? .- (Speed ofrsound=72.0 mph.) . be 
"Will the-pereentage change tlter if the horn had some other frequency ? 
Solution : “The apparent frequency n' at approach is n'a300x (720/700) 2 30877. 
V'Phat at: recession: is given^by n”=300x (720/740) -291:9. Absolute change in 
frequeney-308.7 -291/0—108Hz. ^ Percentage „i /Ghangee: 168+ +300) 400-5" 6. 
It-will not alter 80.long as the speed temains thesame. ^. 


B. "Doppler Effect in/Light. This is common to-all types of wave 
motion. "But for demonstration, the relative motion between the source: 
and the observer should be à Sizéable faction Of the wave ‘Velocity, Bo. 
Dopplerjefiect is easily demonstrable in ‘sound... Since light has a very: 
high speed, its Doppler effect is muth'more difficult to detect, because- 
"thecelativeimotion:between the light source and: the observer) is «very 

vsmall, Stellar «bodies « moving towards or'àway from usdoshow Doppler 
vefféct.Theiwavelength of! lightofrom receding “bodies, «when analysed 
with a spectroscope shows a shift towards the red end of the spectrum. 


‘When the spectra of light fromthe eastern and «western edges of the 
sun are separately examined, it is found that Fraunhofer lines are displaced 
“towards the'red/end' in«óne-oase"and' towards the Violet inthe: ‘other. 
A shift towards the red means ‘an increase in-wavelength and hence a 
lowering, of frequency. . Lowering of frequency is explained ¿if we assume 
.that.the,:source is,moyingsaway. (receding). from us... \Wioletyshift;aneans 
that: the:sourcesis moving towards the observer. «Thevred and» vidletshifts 
ófsSpectral lines from the two edges ofthe sun indicate that the sun is 
rotating about a north-south axis.. (Jts period. of rotations has ; been 
determined i in this way.) 


Spectral Sia of light from very distant galaxies! show! a red «shit. 
From the amount of shift one can calculate the speed with which such a 
galaxy is moving away “from us. Accurate» measurements gave the very 
important and astonishing result that distant galaxies are all moving 
away from us with anspeed proportional: to:their-distances from. us. © This 
observation gave rise to. the, theory ofthe! expanding universe in cosmology. 
(Cosmology is the science of the nature, "origin and history of the universe.) 
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^. 3€. General Case. "When the’ motion ‘between -the Source and th 
| »Observer is not along the” line joining ‘the two, but inclined to it; T 
| Doppler effect will be due to the component of the motion along th 


line. The perpendicular component. does not. contribute to.the Doppler 
seffect. Only the axial component is effective, 


In such a case the frequency (chianges continuously... Let. the soures 
n be moving along AB (fig, HI-4.8) 
with, a velocity u while the 
observer .; remains. stations 


| and. is. towards. O. e 
Fig. 148 _ . Observer therefore hears, a 
¿mote of higher pitch whose frequency is given by 

A TOP 

i ; C— 4 cos @ 
"Where c is the - velocity. of sound and m. the. 
“When the. source is at So, the component of w acts along OS, and away 


n =n 


-and is given by 


” c 


n= Ru coa. | e 


„At N, both:0 and « are 90°.; so the components vanish and the observer 
hears a note ‘of the same frequency as is emitted by the.sonrce, 


“Ex. 11-48, A train passes a railway station with à "velocity of, 40 mph 
continuously whistling at à steady frequency of 256° persed Fina’ the frequency 
apparent to a stationary observer on the platform. (a) when the train rs approaching, 
ifb), when it is receding. : Velocity of sound 1120 ft.[sec. ...... ii ACD 


7 "Solution :/ 40 m. p. h, = 1D gi jose. i 


(a) Since the source a 
is by eqn III-4,8.1 


d 


Pproaches the stationary Observer, the apparent frequency 
y fígcur* d 


(malt a E uo IM LE LE OIE 
PT Te UE A ub P NE aoo d 


iQ). Bince the source is receding. the apparent frequency, is 


"Yüctübupoo wate mar d 256° 1120 x3 2 9i Pe oeis ova, 7 :aédo 
(OER ecd: o6 M hri ziro 9096... Br M UCM m r 


i, 


Be sermen o mest ee ESE 
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Ex. III-49. A spectroscopic examination of light from a certain star shows that 
the apparent wavelength of a certain spectral line is 5001 4, whereas the observed 
wavelength on earth for the same line is 50003. Find the direction and speed of 
movement of the star in relation to the earth. (C. U.) 

Solution’: Since the apparent wavelength is larger, ie, the apparent 
frequency is smaller, it is a case of recession, i.e, the star must. be moving away 

»irom the earth, Let c be the velocity of light, 4 the true and 2’ the apparent 
wavelengths, and n and n' corresponding frequencies. ‘Then 


u 
iu thb-i-n-.2 KY. 


ak : - SU or? = e[5000 nearly 21,5x 10* m/s 

Ex. III-4.10. : An. engine approaches. a; bridge at. fi.[se.. while sounding a 
whistle of 500 cps, The sound 28 reflected from the bridge, Find the 
frequency of the beats heard by an observer seated in the engine if the velocity of 
sound be 1100 ft. x ie 

Solution 1: The observer is receiving two notes, one directly from the ‘engine, 
the other after its reflection from the bridge. The frequency of thesound 
received direct is unchanged. e aji 

To find the frequency of the reflected sound, the simplest plan is to consider 
the sound “image” of the whistle as the source. Since the bridge behaves 
as a plane reflector, this “image” is formed as far behind the reflector as the 
source is in front of it, the line joining them being perpendicular to the reffector, 
Since the reflector is fixed the image moves in a direction opposite to that of 
the source with equal velocity. Hence the “image’ of the whistle approaches 
the observer with a velocity of 2x5 ft./sec, For. this relative velocity of 
approach the apparent frequency n. = n(l« Vio) = 500(1- 10/1100). > This 
beats with the source frequency of 500. Hence the number of beats 
= 500 x 10/1100 = 4.6 per sec. en 

Ex. HI-411. Two observers A and B both. have sources of sound of frequency 
500. If A remains stationary while B moves away with a velocity of 6 ft/sec find 
the number of beats heard by A and B, (Vel. of sound= 1100 ft.[sec.). 

Solution : Beats heard by A: In this case the observer (A) is stationary and 
the source (B)is moving away. Hence by eq. III-482 I "T 


) 


> c 1100 Adi. T 
nam tegy” 000 x xoa m 49729, t5 


4. Frequency of beats/sec = 500. — 497.29 = 2.71. lied 8.6.8 
Beats heard by B : . Here the source:(A) is stationary and the observer (B) is 
moving away. Hence A 


ciu 1094 = i ih 
SSH 7,000 x TO = 497.27, 


-. Beats heard by B = 500 — 49727 = 2.73/see; 15 


" 


“shadow region behind the ‘obstacle. 


| wavelength, the waves bend round its corners increasingly and encroach 


‘proper ‘conditions. “ Reflection of sound plays an important part ina 


III.5.1. Impact of sound waves on: surfaces of :liscontinuity and 
obstacles, When sound waves travelling in a homegeneaus medium fal 
on a surface separating two media, (i) a part of the wave-train is thrown 

' back into the original medium in the’same form and travels with ‘thes e 
velocity while (ij) the rest passes into the second medinm witha cha n 
in velocity and generally also with a change in direction. The first 

„phenomenon is known as reflection and the second..as refraction... e 
same thing .happens at Ere arpea biia aaiim oid ifern od ; 
pas the same medium. 

“When sound waves meet a rigid obstacle, their behaviour is dete: 
n the size of the obstacle relative to the wavelength. Three cases 

arise : 1 

(9)... When. the.obstacle.is very Jarge compared- swith “the wavelength, 

the waves arereflected back into the medium With'the formation d 


- Gi) “As the object diminishes in size and becomes comparable "P 


into the shadow appreciably. ‘The phenomenon is.enlled diffraction.: In 
sound it is. quite noticeable but notin. light. ' 093 
(iii) When \theobstacle is smaller thun'the wavelength, it serves'as a 
‘source of'new waves spreading out in all directions. This is known uv 
scattering. Small inhomogeneities in a medium also cause scattering. 
It is more noticeable in light causing brilliant reddish: sunrise and sunset. 


III-5.2. Reflection, ike all-waves, sound waves are reflected under 


number of phenomena. Echoes, rolling of thunder, reverberations in 
auditoria etc, speaking tubes, ess and wind pipes provide 
cum d of reflection of sound. 

For regular reflection, the dimensions of a surface must be large and its 
irregularities small compared with the wavelength. Since sound waves 
are long we require large reflectors to produce regular reflection. A big 
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enough brick» wallicanweflect sound but-not,light, because its irregularities 
are small compared ‘with the wavelengths: of. sound but, quite» large. for 
those of light. Light is reflected) diffusely. from: reflectors that reflect 
Sound regularly. Ultrasonics are reflected easily from small reflectors. ` 

A surface, of limited dimensions does not reflect all wavelengths 
equally... Shorter waves are more strongly reflected. 

The geometrioallaws of reflection of sound waves are the: same as, lies 
of light - waves. ^ But: this is not: ordinarily appreciated because the sound 
waves are long and it-requires large reflectors to reflect sound.in the s&me 
way as light. Sound is refleoted. from walls, hills, rows of trees etc. . The 
most familiar example of the reflection of sound is thejecho (8III-5.3).. , 

Formerly, big halls were sometimes provided with large parabolic 
sound: reflectors,» called sound. boards; behind. the dias A- speaker 
standing there was at the focus of ; the. reflector....The, sound rays, were, 
rendered parallel by refleotion.at the board. So they.could: travel over large 
distances: before dying out. -In churches, concert, halls and, show. houses 
the back walls and | the :ceilings.are.suitably curyed.so,as to, concentrate | 
sound by reflections, One such, stood in the vanished Senate Hall of our 
Calcutta, University. Bi ; 

Other applications of sound; HEPIE TE To frais itn over. 
short distances without much, loss of intensity a Speaking tube. may be 
used. Such tubes were uid. iallan odi ^ 
generally installed in large,yo. » & eua oldi i 
buildings and steamships: -iis . CNN. 
Essentially, à... ; speaking go: - L - 
tube is a long metal pipe i 
of small diameter with .a í (Eig, IHESU, B ] 
funnel shaped. end. called, the mouthpiece. It collects the VANS pwayes, 
which pass into the tube. They cannot spread out but travel down the 
tube, being successively reflected at the..walls of the tube, (fg. T, 5.1.). 
Finally they leave the tube at the. other end. , The intensity of sound 
is thus maintained without much los. y o: odi Me heoo € 

Physician's stethoscope is an illustration of this principle, . A; little 
beyond the collecting funnel the tube bifurcates into two branches which 
separately g to the two ears, 7 ail adi E AT 

III.5.3. Echoes, A sound heard. by .reflection. ind: clearly aistin.- 
guished from the, original, is called an. echo. .. For its formation, an echo 
requires a suitable reflector such as an extended. wall,a cliff ete., whose 


6 
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irregularities are small compared with the wavelength of the -sound, 
hear'fhe sound and its echo separately the reflector must be aia suflicie 
distance; which may be calculated as follows : 
A sensation of sound persists in the brain for &lmost 1/10th of & se 
after it is heard. "Hence to recognise &'sound and its echo as separa 
least this interval must pass between tiem. In our country, the vé i 
of soubd under ordinary conditions (a mean temperature of 80°C and $ 
amount of moisture in the air), is about 950 m/s. Inu 1/l0th of) a) ‘secon 
souhd travels 85 ‘min ‘the ait. "Thus to hear distinctly the echoot 
Sound ‘of short/ duration, the distance between the Source and the reflect 
must be atleast; 17,5 in. "The source and’ listener are supposed to! 
close together, : N S 


“The rambling and rolling of thutider! isque to thé echoing of: a) pe 
of thunder from’ a number óf reflecting ‘surfaces such as clouds, to 
Mountain sides, forests, surface of Separation "between air | currents; ‘ete 
The ‘continuous rumbling is due to the fact that echoes reflected fron 
different sources enter the ear at intervals of less thai 1/10th of asec 
Iü big halls it “is "dtten noticed that continuous rolling of à 
persiste for some time after a loud sound has ceased. This is known’ 
reverberation and is due "to multiple ‘reflections “from the walls. At 
every refledtion there is loss of some energy due to absorption. 
absorption at the walls is small, the sound waves las& long enough } 
they become inaudible, and. give rise to the reverberation. Open windon 
ate very effective in reducing reverberation, since: sound waves incident 
on them pass-into the outer atmosphere and are completely lost to he 
room. It is to prevent these reverberations and” increase the absorption 
of undesired sounds that large halls and cinema houses are carpeted an al 


part/of the walls thickly cushioned with soft, sound-absorbing materials: 


' Echoes are used by Whale’ in Aretio Wüters bo locite an icd 


iia if p sound is ge fied 
adjacent steps will reach the listener in a regular succession. ‘This may 


- a 
samen oe oe Sed 
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sirencthe sound és heayd twice at A at an interval of 3 secs; "Find tHe distance 
Lelween the ships'if sound travels 1100 ft/sec. : (Lond; U. ] 
Solution’: 'Tie\ first sound Wead at A comes directly from B. The second 
-one is the echo from the cliff of the siren blast at B. If ~ it; be the seperation 
between the two ships, the distance of B from the cliff is (3000 - x) ft. At A, the 
first sound is heard 2/1100’ after the sireh Sounds on B. THe second sound is 
heard at. A after the sound travels-from B to the cliff and báek to A. “Hence at A 
itis heard [2(3000 ~ x) +.2]/1100 sees after the blast. “Thensfrom/the given data 
2 (800052) 4m... Dian : 9 ont 
.1N9 . 319) ^ 35e | 
6000 — 2x Ham — x 
NET Ain E 
Ex. H1-5.2;. 4 man standing between -two parallel hills fires.a guniamd, hears 
two echoes, one 2% seconds and the other 3} seconds after the firing... Tf the velocity 
of sound 18.330 melres[sec, find the distance between the two hills, „Howl gwill 
at take him to hear the third echo? ARTNA 
Solution’: The first echo’ is received ‘after’ 2? segonds: Hente the sound 
has been reflected 1} seconds after’ thé firing.’ TW ‘that time the sound travels 
-330x17 5:412: metres, Hence the distance of one of the hills is 419:5 metres, 
Similarlythe distance of the other hill is 330 °% 33x $= 5705 metres, So the 
Seperation of the two hills is 4125 + 5775 = 990 metres — dd 
The first and the second echoes will again be re-echoed. from. the, second and 
the first hills respectively. For this the sound must altogether travel the distance 
between the hills twice. Hence thé hird echo will be heard 3 x 990 + 330 = 6 
‘seconds after the firing. Note that this-éóho i$ formed by one’ reffeetion at each 
of the two hills, Mant fi ; 


III-5.4 Echo depth-sounding. 
Depths in the sea are often measured 
by timing the reflection of a sound 
from the. sea-bed. "There. are niany 
compact devices. used . for the purpose. 
Though. they differ: in’ details they 
employ;the same’ principle, which 
is a8 follows: ‘A’ sharp sound, now-a= 
days, generally a, strong pulse of 
ultrasonic waves, is produced near a 
hydrophone I (a. device similar to a 
microphone, .fig III-5.2).. submerged ; 
in water. The hydrophone responds | 
twice to the sound, once to. the AEN) 
Originalone and again to the waves : ^ Fig III-52. 
reflected from the sea-bed. The time interval between the two events is 


int yt | OBO Lis 
) c - 


= 3 Bees OT H = 1350 ft, ^7 030505 


Wa 
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Reflection oí ultrasonic pulses from a near or remote surface of 
discontinuity has found many important uses. Depth sounding, location 
of wrecks in seas, shoals of fish and submarines are some of the other ones- 
The recent applications are in the field of:medicine for diagnosis, F 
this purpose ultrasonics are much better than X-rays. They can presen! - 
the movement of the heart on a Screen, or the movement of a child in the 
mother’s womb. Detection of brain tumours has become an easy matter 
using an ultrasonic device. ‘Detection of flaws in metàl castings is ensier. 
With ultrasonic pulses than with X-rays. The records are mid to be 
ultrasonographs, a 


Ex. I-53, | An observer at a certain distance from a eliff notes that the interval 
between the sound. he makes and its echo is 3. seos. He walks 550 ft: nearer. and 


corresponding interval reduces to 2 secs. Find (a), the velocity of sound, (b) the 
observer's original distance from the oliff, [ Lond. 


Solution: Let the distance between the cliff and the observer be z ft. and the | 
velocity of sound e ft/sec. Then 
9u]c = 3 secs, and 2(%—550)/c = 2 secs. 
l Solving for z and c we get x = 1100 ft/sec, and #=1650 ft. ‘ 
Ex. I-54. An echo completely repeats a word of six syllables Find the 


minimum distance of the reflector if sound travels 1120 ft. ]sec. [ Gau. U.] — 

Solution: A monosyllable — 
Sa o requires 1/5th of a second 
MA [ eos to utter and its impression 

Mer i of ^ to die. For a six-syllable - 

SN hi P ". s^WOrd the corresponding time 

NC ate UE dà is. 6/5 secs, During. thi | 

T1324 Y e interval sound travels 1344 ft-. 

— 2. Hence the reflector must be at 


io - half that distance, ie. 672 ft. 
i » Eo Ex. IILS5, 4 pilot while — 
flying parallel to the ground with a velocity 9 fires à pistol and veceives the sound 5 
reflected from the ground hears ts later. Find his height from the ground. e 
a ic Tex. y £ Y k 193207 dE 
Solution : The paths of the sound is shown in the above figure, „Clearly 
the height his VAB — A0. Now AB’ ot? and AC = 4f 
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Problems 3‘ (1) ^A pilot flying horizontally at 120 m.p.h. fires a gun and hears 
‘the echo 3s: Tater. "Find-the height of the plane, given ‘the’ velocity of sound 
= 1120 ft/s, (Ans. 1059 ft) » [HLS 81 | 
(2)), A person 112 ft, from <a> vertical wall uttered 6 dyllables in succession. 
Will he hear the echoes of all syllables. If not, which one will it be ?, c=1120 ft/s 
(Ans: Last syllable) (J. E.E.'73] 
(3). A drummer standing in front of a large hill finds that he does not hear 
‘the echo when the.drumming rate rises.to 40 a minute, He approaches the hill 
by 90 m and finds the echo again disappearing when the drumming rate rises to 
1 per second. Find the velocity of sound and the initiai distance of the drummer 
from the hill. (Ans. 360 m/s, 270 m) DESDE: T. 714] 
(4) The echoes from a pair oi parallel hills for a gunfire from a certain point 
in theintervening valley are heard successively 2 and 4 s after the firing. Find 
the width of the valleys, Is it possible to hear the subsequent eehoes at the same 
instant and at the same point ? If so, after, what time ? e. — 330 m/s. 


(Ans; 1080m ;. Yes 56.8) «9 ep T.) 


(5) Asharp tap in front of a flight of'stairS produce.a' musical sound. Tf 
c = 340 m/s and each step 3 m deep find the frequency of sound. (Hint..m=e/2d), 


HI.5.5. Refraction of sound. When sound waves fall on a surface 
separating two media, a part of it enters the second médium and travels 
with a. different speed, When the incidence is oblique a change in| the 
direction:of traveloccurs, If¢ is the angle of incidence and:7 the angle of 
refraction (considered as in light) then Zao! alid | 

io eh pik m 
where c, and c, are the speeds of sound in the first 'and' second media 
respectively. isthe refractive index of the second, medium relative to 
the first,. Sound rays bend away from the normal inthe medium in 
which the speed is higher. The medium in which the speed is slower 
corresponds to the optically denser medium of light. Very little of the 
sound energy travelling in air enters a solid or liquid medium, because 
most of the energy is reflected at the boundary due to large difference in 
the pc values of the two media The product pc is called the characteristic 
impedance of a medium, where p is medium densitys c, the sound velocity 
in that medium. oes s 


Sound, like light, may be refracted by prisms and lenses of suitable 
materials. The geometrical relations are the same, but owing to the 
largeness of scale such experiments are inconvenient to perform 


and ‘interpret. iba: jn iad 
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To:demonstrate the refraction of sound waves.a thin rubber -balloon 
is partially inflated with CO, gas and placed between a Galton’s whistle- 
a high-frequency source of sound and a sensitive flame, a detector of high- 
frequency sounds. Keeping the whistle several feet away from the balloon 
the flame is gradually moved ‘away, At one particular position of the 
flame, for a given position of the source with respect to balloon, the flame 
roars Violently, © This is because the denser gas in the balloon makes it 
behave asa Convergent lens, and the positions of the source and the flame 
represent acoustic conjugate foci. ` The acoustical image however is not so 
well defined as in light. Filled with H, gas the balloon would behave as 
a divergent lens, as sound moves faster in hydrogen than in air, 


‘A. Total Internal Reflection, In passing from a medium in which 
the speed of sound is lower, the sound rays bend away from the normal. 
For a particular angle of incidence, called the critical angle (0), the angle 
of réfraction is 90°, Then from Snell's law we have sin 6=4 where y is 
the ratio of the lower Speed to ‘the ‘higher, For Sound’ travelling from 
air to steel, 


332 


sin 9= u= G1 6900" hence 8-4? (nearly). 


Co oro 

^ Since all ‘sound rays’ incident on Steel from air at a greater angle must 

suffer ‘total internal reflection’; the speaking tube (fig. TIT-5.1) enn transmit 
sound with little loss over a long distance, Toh ae bereb} 

The speeds of sound in air and water are 830 m/s and 1450 m/s nearly. 
This gives a critical angle of about 133°. Sound rays in air incident on 
water ata larger, angle will be totally reflected, , ' 

B. Refraction by air of varying temperature. 'A sound on shore 
may’ be heard from a/good distance On a boat on an expanse of water at 


i , 1 . — pri en untra SSS 
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night; but under the same conditions it may nob be heard in daytime.. 
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This is due too rafraction, arising out. of variation of temperature at 
differéntaltitudes.° Atnight the air just’ above the "water is:cooler, but 
higher up it is warmer. Hence; the sound’ travels faster im ‘the upper 
layers than in the lower ones. As a result, the upperspart of. the»wave- 
front precedes the lower part (fig. III-5.3) and the waves bend’ downwards. 
This phenomenon maybe, compared with a superior, mirage (see LIGHT). 
In daytime; the entire [phenomenon is reversed as the air in contact with 
the water is warmer. In this case, the sound. waves bend, upwards and 
do. not reach the ‘boat. 


C. ` Refraction due to’ wind. Sound from a source is better heard 
in the direction in which the wind blows than , against it. The whistle of 
a train or the tolling of a bell from a temple or a church is heard when 
the wind is from its direction, while it may be quite inaudible’ at other 
times. When wind blows, the upper layers of air move quickly than the 
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Fig. IIT-5.4 
lower since the latter are retarded by trees, houses etc. on the ground. 
The wavetront of the sound moving in the direction of the wind therefore 
bends downwards. Moving against the direction of the wind they bend 
upwards (fig, III-5.4) 


Reports of very loud explosions may be heard at distances where the 
ground wave does not reach. This is due tortotal reflection from layers 
of air high up in the atmosphere where the temperature of air begins to 
increase. In this way the existence of an atmosphere at a height of 25 to 
40 miles has been established. The effect is similar to the formation of 
superior mirage as in fig, TH-5.3(a) D à 
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TIL5.-6. Diffraction of sound. Whenever a sound wave passes the edge 
of a large obstacle it is found to bend round the corner... It is fortunate 
that it does so, Otherwise, we would. not hear a:sound if the source 
` were'screened. The bending of the waves round the edge of an obstacle 
is known‘as diffraction, 


wd When ‘sound’ ‘waves fall on an aperture whose dimensions are 
comparable with the ‘wavelength, the waves spread out into the region 
behind the screen; "The spreading ‘occurs over a hemisphere ifa < A, 
4 being the opening of the aperture and 4 the wavelength. © As a/A 
increases, the spreading diminishes, When a is several. times the value 
of A, We, get a directed. beam of sound. The, same results hold ifa 
represents the dimensions of a source of Sound, such as a loudspeaker or a 
vibrating membrane. 

_ In music the wavelengths range from about. 10 metres to.8 em (82 eps 
to 10,000 cps). Tf a sound issues through an aperture 1 foot (80 em) wide, 
high frequency waves will spread out (be diffracted) very little, while low 
frequency sounds will be propagated in all directions behind the screen. 

When a loudspeaker of the above diameter (80 em) reproduces music, 
short waves do not spread much laterally, while long waves do. Soa 
listener situated well off the axis of the loudspeaker will not hear the 
higher frequencies. The music will sound unnatural fo him. 

All the above'effects are due to diffraction. 
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III-6.1. Prineiple of superposition. A very simple principle, first 
enunciated by Huyghens in connection with light waves and called the 
principle of superposition, can be used to explain the effects we find, 
when two sound waves, are superposed on (i.e. fall on) each other. Tf states 
that when two or more wave-trains are superposed» the resultant displacement 
is equal to the vector sum of the individual displacements, provided they are 
small. The principle, though strictly valid for waves of infinitely small 
amplitudes,is nearly true in all ordinary Cases: The principle also holds 
Sor light waves. 

Many important phenomena in sound ‘arise due to stiperposition of sonic 
waves (waves of audible sound) from “two different sources Or two wave“ 
-trains derived from the same source. In discussing them by the principle 
of superposition, we:assume that \ i 

(1) Passage of waves through one part of a medium is not affected by 
the simultaneous passage ofother waves through the same ‘part of the 
medium. For we notice that, after the waves have ‘crossed the region of 
overlapping, they maintain’ the frequency; amplitude’ and other eharac- 

-toristics unchanged: (When two persons talk simultaneously, the voice of 
one is not modified by the voice of other.) This is, as you should: recog- 
nise, a consequence of the Principle of Independence of vectors. 

(2) The resultant displacement is the vector sum of those due to 
“individual wave-trains. 

The principle applies to all cases regardless of the directions of wave 
propagation or the frequency of the individual wave-trains, , But cases of 
practical importance are those where the waves have equal or nearly equal 

‘frequencies and same or slightly inclined directions. Three such cases 
are important to us at present, namely, h 

(i). Beats, which occur when two. wave-trains of nearly equal frequ- 
-encies and amplitudes moving in the same direction overlap. f 

(ii) Stationary or standing waves, which occur when two identical 
‚wave trains moving in opposite directions overlap. TAS 
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(ii) Interference, which occurs when two Wavetrains of same 
frequency and equal or nearly equal amplitudes overlap, their phase diff 
at a point retaining a fixed. value, 

IH-6.2. Beats. When two notes of nearly equal frequencies and 
amplitudes are sounded together the resultant intensity rises and falls at 
regular intervals, This phenomenon of rise and fall of sound is known as 
beats. A beat consists of one rise and one fall of the sound intensity, 


Take two tuning forks of the same frequency and load a prong of any 
one of them with a drop of wax, thereby lowering its frequency, : Excite 
both the forks at the same time.. Beats will be heard. Beats may also 
be heard by pressing the two keys to the extreme left of a harmonium 
while playing it, EPIS Rd SN i 

A. Perception of beats, To hear beats clearly. the following 
conditions should he satisfied S379 i $ 

() The difference in Frequency of the two notes shouldbe small. 
When this difference exceeds 6 per second the effect on the ear begins to 


be unpleasant. Beyond. 10 per. second the beats become too fast to. be 
clearly distinguished. ; 


(ii) The difference in amplitude of the two notes should beso 12. 
Loudness of a note depends on the amplitude of vibration.. Inthe case 
-of a large difference in. amplitude the beats will not be clearly recognised 


as the weaker sound will not appreciably affect the louder one: 

(iit) --Lo.produce a clear effect the two,sources should,he of the same 
hind-(ie., the two notes’ should have the same wave-form). 

When there is. large difference in frequency or amplitude, beats are 
physically present. though they’ may mot be clearly distinguished by the 
Gare i Ly ' 

B. Beat frequency. The number of beats per second is equal to .the 
difference of the frequencies of sources. To prove it in a general way, let 
the two sources have frequencies n and "n, n en, where m is small 
compared with n. The’ corresponding wavelengths are X and À^ both 
n moment, let the displacements be 


in the distance 7, then we shall hayé ^ 
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i Since both waves are travelling with the same velocity c, itis also the 
velocity of the resultant maxima,(or-tiriima).') Therefore'the nuibeér of 
maxima (or minima) received by a stationary: observer in! one second is 
the. number. lying ,.within .a distance c. Since the distance between two 
successive maxima (or minima) is J, their, number within a distance c is 

^ 
ws un £ A) =5-S=n'—n=m (II1-6.9.1) 


So the number of beats per second equals the difference in. frequencies 
of the two sounds. 
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“Fig. TIT-6.1 

( A and B are sound waves of two notes at a given moment. C is the resultant 
waves formed by the superposition of Aand B. The broken lines in the figure 
indicate places where the displacements in the two waves are in the same phase or 
in opposite phases. ] 

C. Uses of beats. Since beats are produced by small. differences, in 
frequency of two sources, they provide a sensitiye, means of detecting 
whether two notes are in unison or not. This test is used for tuning 
musical instruments. In almost all acoustic measurements of tel 
beats are used to find the exact matching of notes. 

(i) Frequency determination. If the frequency of one of the two 
notes producing beats is known; the frequency of the other can be 
determined. by. counting the number of beats, Let two tuning forks: have 
respective frequencies n and. n^ of which:n is known... Provided n andin” 
are nearly equal, easily distinguishable beats will Mah Let Meis Mni 
per second be m, Then »'—ndm. id p 
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To determine whether n''is greater or smaller than ñ, count the 
number of beats after putting a little wax on one of the prongs of the 
unknown fork thereby lowering the frequency of that fork. ` If the number 
of beats increase, the required Frequency is lower than ‘the known one, i.e., 
n'—n-—m. lt the number of beats decreases the case is the reverse, ĉe., 
n —n-dm. 

If an increase in mass of a tuning fork A increases the number of beats 


which it: forms with another fork B, then the frequency of A is lower than 
that of B. 


The number of beats will also change if ihe mass is decreased by filing 
the fork. | A decrease in mass increases the natural frequency of the fork. 
If decreasing the mass of a fork A decreases the number of beats it formed 
with another fork B, then the Frequency of A is lower than that of B. 


Ex. HI 64. The tuning forks A and B, the frequency of B being 512, produce 5 
beats per sec. A is filed and the beats are found to occur at shorter intervals. Find 
the frequency of A. 

Solution : Let the frequency of the fork A ben per sec. Then from the data 
n = 512 +5, Filing the fork A decreases its mass and so increases its frequency. 
Since beats are occuring faster than before, the number Of beats has increased and 
hence the frequency of A must be greater than that of B, à.e., it is 517. 

Ex. IM-6.?. A set of 24 tuning forks is arranged in a series of increasing 
frequency. If each fork produces 4 beats with the preceding one and the last forl: 
sounds the octave of the first, caleulate the frequencies of the first and the last forks. 

[ And. U. ] 

Solution: Let the frequency of the first fork bem, Then that of the last fork 
will be 2n. Now, the first fork produces 4 beats with the second, 8 with the third, 
12 with the fourth and hence 23 x 4 or 92 beats with the last one. So between 


the first and the last is also double that of the first, the frequency of the first is 92 
cand that of the last is 181. 


TH-6.3. Stationary or Standing waves. Stationary or standing 
‘waves are formed when two wavetrains of the same kind, having the 
same frequency and velocity, and equal (or nearly equal) amplitudes are 
superposed on each other while moving in opposite directions. They can 
‘often be seen when the medium is bounded on all sides. Tf a regular 
wavetrain is generated in such a medium the wavetrain is reflected at 
‘the: boundary’ and is! superposed’ on the ‘outgoing wavetrain. If the 
reflection at the boundary occurs at normal incidence, and” the amplitude 
Jp not appreciably- reduced, a cléar, stationary wave pattern cân be seen: 
‘We shall discuss this kind of wave patterns)! 1) sedi m mer 

i 
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A... Characteristics of stationaty waves. Look at fig. TI-6.8. as. 
you go through. the following... Check the statements with the figure. 


(i) "Phe amplitudes of vibration changes from place to place in medium 
and has à maximum value at certain points. The points of maximum 
amplitude are called displacement antinodes (or simply, antinodes). 


(i) At certain points the medium undergoes no displacement at all. 


Such points of-no displacement are called displacement nodes (or simply, 
nodes). 


(iii) The distance between successive nodes or successive antinodes 
is equal to half the wavelength (4/2) of the superposed waves. 


(iv) "Along the common line of propagation, nodes and antinodes 
alternate with each other at separations of 4/4. 


(v) » Alb’ particles lying between dicent nodes’ move" in’ the same 
direction at the same'time. They reich maximum or Zero” displacement: 
all: at the same: time. "They have therefore the ‘same phase. ‘The 
amplitude increases from'zéró'at a rode to'a maximum a "the "untinode. 
The portion of the medium lying between two nodes i8 called a loop. 

(vi) "Particles in neighbouring loops vibrate i in opposite phases, 3. 


(vii). A particle of the medium Meas a complete vibration i in nthe 
same time in which 4 ‘component wave advances by one wave-length. 
The frequency of à particle is therefore the frequency of a component 
wave. ; 


The reason why the disturbance in the medium is called a stationary 
wave is that the form of the disturbance, t.e.. the wave form, remains 
confined in space and does not advance through the medium as it does. 
in a progressive wave. The pattern looks as ifa wave-train has been 
suddenly arrested. in the course of its motion, =° 


B. Demonstration of stationary waves. Stationary waves can be 
demonstrated as follows : 


(i) Water waves. Take some liquid in’ a conical bowl and give 
ita Sharp tap. The water surface will show a circular wave pattern, 
which will remain steady if the diameter of the liquid surface is 
appropriate... This may be adjusted by pouring in more liquid. _ The 
pattern, looks just as if a waye-train has been suddenly arrested in the - 

N course of its motion. 
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(i) Melde’s experiment.’ Stationary “waves ‘formed by the 
transverse vibration of a string under tension ean be very elegantly shown 
by the following experiment due to Melde (Fig, II-6.2).. An electrically 
maintained tunning fork of relatively low frequency (say 64 Hz) is 
clamped to a table as shown. One end of a string is attached to one of 
the prongs while the other end is attached to a pan after passing over a 


Fig. 16.2, 


smooth pulley, . The fork is so placed that it vibrates perpendicular to the 
length of the string, which is the so-calledjtransverse arrangement. The 
pan is then loaded and the fork excited. By. adjusting the load on the 
pan or the length of the string the whole string may be made to vibrate 
transversely in one segment. | If the load is.reduced.to one-fourth thë 
string will vibrate in two segments ; if the load is reduced to 1/9th the 
string will vibrate in three segments. 

The vibrating fork sends transverse waves along the string. These are 
reflected at the other end and are superposed on the incident waves, . The 
pattern becomes steady when the length of the string is an integral 
multiple of half the wavelength of the waves produced. 


te an electrically maintained fork is not ‘available: an electric hell 
may “be used in its place. The string is tied to «the hammer of the 
bell. à 
MATS 


l C. “Formation of stationary waves. . We.have. stated. earlier. that 
stationary waves are formed by the superposition of two identical wave 
trains moving in opposite directions in the same region of a Medium: So 
the individual displacements produced at a given point in the medium at 
a giyen ; instant are giyen, by 


oY n= a sin (2z/A) biter and y 4 —a.sin an dedi x 8.1.) 


' The. line of propagation is along the z-axis The two équations 
répresent the waves travelling along the --ve &nd'— Ve directions of x 
respectively. In the equations, a is the amplitude, X the wavelength, 
c the velocity and z the distance of the point from an arbitrary origin, 
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which generally isa point on the-line of propagation where the waves 
meet in phase. The. resultant displacement of the particle due to 
superposition of the two Waves is, therefore, 
yx ts sin (27/2) (e —2)-:a sin (22/4) (it) 
,. 9a sin (92/A) ct. cos (2x/d) *. 
Putting A=2a cos (27/4) €, (111-6.3. 2) 
we have. 7A gin (9«/A) ct j (111-6.3.3) 
This: Yepresents.& ‘simple harmonie “motion of the same frequency 
as the waves but of an amplitude A=Qaccos 2z2/A.' The amplitude 
depends only. on the position: æ of the particle, It isnot a progressive 
wave as the final expression for the phase single does not: contain any term 
of the nature (ct — 2). oi y 
The amplitude A=2a cos 27w/\ changes 'As m ima When 
cos 2ra = 0, then A= 0. For this we must have 


iei vnu where n= =0, A 3, pow ba 
, Or, 2=(an+1) 4 r ioo } ' AHL6:34) 
D.UNDBen n=0,” 9$1-2A/4 
n=l, te =38N4 
“n=2, ^" w,—5M4A, ete. 


dy points, where the amplitude of displacement is zero, are called 
displacement nodes. (points marked N i in fig, 11-3. 3). Obviously, the 
distance between two successive nodes is equal to N/2. ay 
When cos 2z4/A- X1, the amplitude is a maximum and pe the 
value 2a. . For this we must have t j 


(8! 
G} 


3 f am Where WH 19,3 ete. ors wu m. aua 35) 


Putting Value for m we have $,—2/9, ta =9)/2, Lo = Salah. y na 
points of maximum amplitude are called displacement antinodes 
(marked A in Fig. III-6. 3). As. in the case of nodes, the distance between 
two successive antinodes'is also. 
^2, -- The; distance, between a 
node. and the next antinode is , 
d/4, The amplitude of vibration 
thus varies from 0 to 2a over a 
distancë X/4. i 
“x From the trigonometrical relation sin (A+B) +sin (4 - Bj a2 sin if obs B. 


‘Eig, 68... 4 
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IHI.6.4....Comparison of progressive and stationary waves. 


Progressive wave 

(1) Progressive waves are due fo 
the continuous periodic vibration 
of a portion of the medium: So 
long as the waves do not meet 
any boundary, they are progressive. 
(2) "The phase of one particle is 
transmitted. to the next along the 
line of propagation. In this way 
the wave-form: progresses forward. 
The velocity of wave-motion is 
determined by the elastic properties 
of the medium. 

(3) Each particle of the medium 
executes the same vibration about 
its equilibrium position with the 
same frequency. 


(4) Along the line of propagation 
there is difference of phase bet- 
ween the vibrations of particles. 
This phase difference is propor- 
tional to the distance between the 
particles. 

(5) With the progression of the 
wave every point of the medium 
undergoes the same change of 
pressure or density. 


n 


Stationary wave 

(1) Stationary waves are due to 
the superposition ‘of two identical 
progressive wave-trains moving 
along a line in opposite directions 
through a medium. 

(2) The | wave-form...does not 
advance through the medium. It 
is. confined to the. portion of the 
medium where. ithe . oppositely 
moving progressive wayes overlap. 


(3) The amplitude of the particles 


is not the same everywhere. At 
the nodes the amplitude is zero, 
at the antinodes it is maximum. 
They are all executed with the same 
frequency. 

(4) All the particles between two 
nodes vibrate in the same phase. 
Particles on two sides of a node 
vibrate in opposite phases. 


(5) Change of pressure or density 
is not the same at every point of 
the medium. It is a maximum 
at the (pressure) nodes and a 
minimum at the (pressure) anti- 
nodes, 

[Pressure nodes correspond. to 
displacement antinodes and pressure 
antinodes to displacement nódes.] 


‘TIL-6.5. Interference. If two waves of the same frequency and 
amplitude are superposed, the resultant displacement will be double that 
due to a single source if the vibrations are in phase. If they are in 
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opposite phases the resultant displacement is zéro. Since intensity: varies 
asthe square of «the amplitude, the effect’ produced in the first case will 
be four times that due toveither of the waves, but zero in the second case. 
Thus the:conmibined actionof two sound waves may-produce a greatly 
increased. effectoat places and silence at others. This phenomenon is 
known as énterférenca of sound. There is no annihilation of energy in this 
case, only & redistribution. Energy removed, from” pares öf silence - is 
concentrated’at regions:.of increased sound, E. 

Conditions of interference. To obtain continuous silence ab a point in a 
medium’ under ey action of two sound waves the foliring conditions 
must be fulfilled : Yn 

(1) The waves must have the same tequenoy n and ihe, 


(2) The -angle between the displacements due to the two waves at 
the given point must be. zero or small, A 1 

(8). The waves must continue to arrive at the given, poini in an 
phases, #.¢., the sources must be coherent. , xil 

If these conditions are fulfilled, at a si there .will, be no displace- 
ment and hence no response in a detector placed there, The first two 
conditions can be satisfied by sound wayes. from two, seperate sources. 
To fulfil the third condition is more difficult. Ordinarily, no constant 
phase . relation, exists between two waves. arriving at a point from two 
independent sources. Such sources are said to be non-coherent. They 
will be called coherent when there is a constant phase relation between 
them. The sources may vibrate in the same phase or have a constant 
phase difference; ; Waves from coherent sources continue to. reach a place 
witha definite phase difference.’ So ito. fulfil. the last, of the above 
conditions sound waves from. the same source may be.made:.to: arrive at 
the. point by, different routes, thereby acquiring : the required phase 
difference, (J à de dager t / 9 


Experimental investigation of interference of sound. 


(1) To demonstrate interference of esteem a Quincke’s tube 
(Fig. III-6.4.) is taken. Tt consists of a U-tube BAH with two side tubes 
at/B'and E.' Another U-tube "OD of smaller diameter can slide in and 
out of the larger one as indicated. The communication between the ‘two 
limbs of BAZ can be cut off by püshing-in:a shutter atA. ©The source of 
sound (T) is placed in front/of the side tube at B and the detector (R) in 
front of the side tube at E. (b 


6 
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| The, sound ‘divides at B; the two parts follow thé paths BAE and 


BODE and reunite at E. The: tie difference between these two 
superposing sound waves 


depends on the difference 
of path lengths BAH and 
ii \ BODE, since any phase 
/ po A L difference = (2«/X ) X path 
CHEFRE 7 difference. A path difference 
{un tae MNT mo between the. two . routes 
SR oi) es ; can, be. introduced by 
sliding the. portion OD, 
If this path’ difference 
equals an odd multiple of half Spovalensihs [ie, (Qn+1) X9 where 
n=0, 1, 2, 8, ... ete] the waves will meet at Æ in opposite phases so long 
as sound is produced. The detector R will give no response. But if the 
path difference is zero or an integral multiple of A, the waves reach E in 
phase and produce a strong response in the detector. 


“Let both paths be initially equal. Then the path difference is zero 
nd the sound at E is à maximum. If now the sliding tube is slowly drawn 
out the response slowly diminishes and reaches a minimum when the path 
difference equals X/2. Beyond that the response gradually grows to a 
maximum when the path difference measures 2.3/2, falls off again till the 
difference is 3. Ma, grows again till the difference becomes 4.4/2, and 
80 on. 


— P 


Fig. III-6 4 


fte ed of interference are completely satisfied here. “Since the 
wave brain from a given source'is divided, the two interfering systems 
have the same frequency and practically the same amplitude. “They start 
obviously with the same phase but develop a phase difference by following 
paths of different lengths. So when they meet at E they do so with a 
constant phase difference, which may be made into 7 or any odd multiple 
thereof by adjusting the path difference. In this way, a compression due 
to ‘one wave may be made to meet a rarefaction due to the other. 


1.6.6, Relation between Path difference and Phase difference : 


Let A and B (Fig. 11I-6.5) represent a.pair of coherent point sources 
of wayes.and RQ a straight line at'some distance from:them: ‘Let P bea 
point on it such that the path difference in reaching it from: two sources is 
AP and BP which we put as 71 and rs. 
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The displacement of the particle at P due to disturbance from A at an 
instant is I : i j ; 


Yı =a sin ed (ci—7,) and ys-—a sin x (ct — 12) 


is the displacement at P at the same instant due to the disturbance from 


) ni Fig, HEOB a'on alll 
B. Then thé "phase difference. of vibrations ati Pdue to superposition’ 
of waves is 


Bidor) E ori) (rar) 


Then Phase difference - Path difference (I11-6.6.1) 


Tt now lra” 71)2M2, 84/2, 5X/9.... we,haye phase differences 
v, 3m, 5r ... ete, so that the vibrations cancel out producing no displace- 
ment. If again the path difference is any integral multiple of À, phase 
difference "becomes that of 27 so that vibrations re-inforcé each other 
doubling the amplitude. 

So P will not at all be disturbed if (BP— AP) bappenes to be any odd 
multiple of half wavelengths and suffer double the individual displacement 
it (BP— AP) is any even multiple of M2. 

Interference due to reflection at oblique incidence. A number of 
eases of interference of sound occurs when direct waves and waves reflected 
at obliqué inieidence are superposed. For example, it has been noticed 
that as a boat approaches a high cliff on. which a fog siren is sounding, it 
passes through alternate regions of maximum and minimum sounds. 
[Fog-sirens warn ‘ships off the cliffs'obscured in a fog.]' “Let be the siren 
placed'on reli and B be the boat approaching it (8g. 1116.6). Thé boat- 
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man redeives the sound vis. two paths Ha and FPa. Suppose, the diffe- 
rence between these two paths is equal toan odd multiple of 4/2.; Then 
there will be silence at a. Again, if at b the path diflerence (FQb—F®) is 


— Are 


Fig, TIL6.. . 
an odd multiple of A/2;there will be silence at-b.; similarly atc, Midway — | 
between a and b, and also between b and c the path-dirence will be an 
even multiple of 4/2. There will be reinforcement of and hence loud sounds 
at such places. 


III-6.7. A. Interference of light. The phenomenon of interference, 2s 
we; shall illustrate here, is a case of diffraction and superposition. Briefly; 


1:2 MR is HW Fig. MEG? 


‘We can. say that when two identical wave trains, proceeding in about the 
Same direction, continue to. be so. superposed . that at some places they are 


pu RR 
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always! in phis aidat some other places "they aid alwaiys out of ‘phase, 
4hére will be rio vibratién where Pie waves are out of phase and maximum 
vibration where they are in phase. This is inferference. Tt is a property 
of.all-waves. We have discussed it above for sound waves. 


Fig. III-6.7 shows an arrangement to produce interference of light. A 
drêng Veh of^Pionodhróriafic Tight” (Gay) sunlight ‘filtered through red 
glass) falls on a narrow aperture S^ Due to diffraction the beam passing 
through S spreads out and falls on two other small üpertüres Sı, So. The 
latter are so small thàt the waves passing through them spreàd out almost 
in the form of hemispherical’ waves ‘and are süperposed on 'eaeh other 
over a region. .' b dg oo. am ut M. b fine! j 


Tn the figure, the continuous lines represent. surfaces for wavefronts) 
on which the displacements are maximum. The broken lines represent 
surlaces (or wave-fronts) , of minimum displacement—both at a given 
instant. The intersections of the continuous lines as also of the disconti- 
nuous lines centred on S; and So represent Superposition of vibrations in 
the same phase. "These ` points of intersection mark paths along which 
ibitin axe Shrorigest. en m ^B nap 

The intersections of a continuous line? centred on one of the sources 
S, or Sa with a discontinuous line centred on the other source mark the 
places of superposition cf two identical waves in opposite phases. There 
will be no vibration at these places. 


Dr 


Tf a screen KL is placed to receive the light coming from S, and S2 
the illumination on it will no& be uniform. Instead, we shall find 
alternate bright and dark bands on the screen. These are called 
interference fringes. It corresponds to alternate loud sounds and 70 
sound in the interference of sound waves. 


Tdentical waves mean waves of the same frequency and amplitude. 
As S, and Sa are always illuminated by the same wave from 8, S, and 
Sa always vibrate in phase. Hence in the superposed region the two 
superposed waves have a constant phase difference, that is they are 
coherent. This is the essential for producing interference effects. 


Two sources of light are said to be coherent if the waves emitted by 
them are always in the same phase or always have a constant phase 
difference. Coherence is the most fundamental of conditions of inter- 
ference and hence the repeatitions when discussing waves. 
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(Be, Fringe width. . The distance W between two successive: bright or 
ork frings on. the receiving screen (KL, fig, III-6.7) is called the fringe 


width. Its value is given by |; . 

wP glide (68.1) | 
h ‘where D= the distance. between the receiving screen, (KL) and the J 
Pius e plane of the sources (S, and Sa), 
edl 2 d The distance between the sources S, and So, 
‘rool. dno A= the wavelength of the-incident light wave, 


By measuring W, D and.d, X can be determined. | 
C. Intensity. Maxima and Minima. Tet 7, and 7, denote respe- . 


_tively the intensities due to the two sources atthe centre of a bright fringe; 
“the resultant intensity is Zo 7, +7, 
bus tis a maximum, As we moye from here towards the nearest dark ' 
rinde the intensity gradually diminishes. At the centre of the dark 
fringe, the resultant intensity is a minimum and is given by 
Hole? eio ; m ~I; (ie., the difference of J, and dak ; 
4, and Z, are proportional respectively to the breadth . of the-corres- 
ponding source. 


i TH-7 
LIGHT WAVES 


1-7.1. Light as ‘a wave phenomenon: The reasons why light is 
considered as a wave phenomenon are that’ it shows all the properties 
of waves; These are (i) reflection, (ii) refraction, (iii) interference, 
(iv) diffraction, (v) scattering and (vi) polarization. It al8o’ shows Doppler 
effect, though it requires delicate apparatus to detect that: í Moreover, light 
moves ‘with! a definite speed in a given medium.’ Light also shows the 
effects of superposition, and stationary waves can be formed with it. 


You, are already familiar with: reflection and, refraction of . light. 
Interference. has, been. discussed: in Sec II-6:6; and.;, diffraction in, 
Sec. ITI-5.4. 


Polarization (Sec. tt T. 5) t light, shows ‘that light waves are fob lan a 
in nature. f f "EY. 

Between the 17th and 19th centuries there was no dpa qe among epe 
astothe nature of light. Newton considered light as particles, while Huyghens 
suggested that they were waves. The question was settled by Maxwell (1831- 
1879). From theoretical considerations he came to the conclusion that light was 
a wave phenomenon. His,con¢lusion was confirmed experimentally by: Hertz, 
(1857-1894). j l 


Medium for light waves. Light reaches us from the Sun and stars, 


Fig. III-7.1 


which are millions of kilometres away from us. Between them and the 
earth there is no material medium. The region isa void (vacuum). So 


88 VIBRATIONS AND WAVES 


light waves do nob . require any material medium for transmission. They 
are non-material waves. 
1.]]1-7.2. What is it that vibrates in light ? This was answered by 

Maxell, The, ur" are those of an electric vector E and 

BY m ANA vA They are respectively the electric intensity and 
the magnetic intensity., E and H are at right,angles to each other. Both 
lie, in.a. plane, perpendicular to the direction of propagation of light waves 
(fg. 7. 1).. Hence, the transverse) character of light. Light waves are 
electromagnetic waves, Lalo : 

iii Edárly ino the’ history of light) an imaginary medium, called the Aether (Ether), 
was) postulated to; provide a) medium ;for light: wayes., Einstein (1879-1955) has 
proved it, to be unnecessary. The existence of aether can neither he proved nor 
disproved. It is better not to think of it. 

"When we speak of light” ‘vibrations, we are really speaking of the 
vibration of the electric intensity vector E, for it affects our retina. 


Il.73. Electromagnetic spectrum, An electromagnetic wave is an 
oscillating electric force travelling through spaces accompanied by a 
similarly oscillating magnetic force in a plane at right angles to it. Such 
waves travel in vacuum with the same velocity as light, irrespective of the 
wavelength ( or frequency) of the waves. 

"The wavelength range’ extends iin about 10°m to 10^**m. -The 
HEGAN range extends from about 10? tô 10°” Hz. 


_ Waves in the different ranges have different names; though waves with 
different names have no sharp dividing lines with respect to wavelength 
or frequency. Some names and approximate ranges are given below. 


Name! | Range (in m) Range (in Hz) 
Power | 10* —10* 10*—10° 
Radio | > 1010301 Ay cies TOTH 1019 
“Microwaves 10* — 107? . —10?—10'* 
Infrared — 3107?-7x107" (1031 — 9*4 
Visible.) /-4X107* - 1 X 1077 48x 103*— Tx 1014 
Ultraviolet | ^4x107* —9x 1079 1075 — 1027 
X-rays ^i 107?—107*? 1019 — 1029 

y-rays Nip 1015— 1022 


E Standard | broadcasting frequency is around 10° Hz. TV. Rreedieating 
js around 10° Hz and radar, 10! Hz, 


m 
in Da. 


a 
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Essential similarities: and dissimilarities in’ the properties of 
light and sound waves. ^ 07777 = l ro. aevo! 

Similarities, Both’ shów such wave properties as (a) reflection, 
(b) refraction, (c) interference, (d) diffraction and (e) ‘scattering. Both 
move with. different speeds) in different, media, though their speeds are 
widely. different. : i i 

Dissimilarities—Light waves can be polarized, put not to the sound 
waves. This shows that light waves are transverse in nature. Sound 
waves are longitudinal. Light travels far faster and its waves are far 
shorter than sound waves. à 


Light waves can, pass through vacuum, but not so the sound waves. 
Sound waves are longitudinal, elastic waves in & material medium. Light 
waves are non-material electromagnetic waves. They . consist of vibran 
tions of an electric intensity vector E and a magnetic intensity vector H. 
E and H are perpendicular to each other. Both are perpendicular to the 
direction of propagation of light. o xavo SNIEN n af soni 

Frequency of audible sound lies in thé approximate range of 20 to 20,000 
Hz; Frequency of visible light lies‘in the approximate range 4.8 10** 
to 7.5% 10"* Hz. . i el i - | 

Basic similarity and dissimilarity between Light waves and Radio 
waves. Both are electromagnetic waves and therefore have all the wave 
properties in common. ‘The most prominent difference is that, in wave-, 
length. While the average wavelength of light is about 5X 107 "m, the 
range of wavelength of radio waves is about 10° to 107 ^m. 


Another point of difference is in thie mode of generation. Light waves 
are generated by transition of electrons from one energy level to another- 
The process occurs inside, atoms and. molecules. ; Radio, .. waves, are 
generated by oscillating electrons in the radio antenna, 

‘An accelerated charged particle can jrodüce either radio waves or light, 
each under appropriate conditions. 4 x : 

Since energy in electromagnetic waves is proportional to frequency , 
light waves have much more energy than radio waves. ; 


No electromagnetic radiation other than light can create the sensation 
of sight. - : ended 

HI.7.4. Velocity of light... Light has been found to have the 
tremendous velocity of about 8X 10*° cm/s (=3 x 10° m/s=3 X 105. km/s); 


` 
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in vaeuum. «Inai material medinm such as glass, water air, 666; it travels 
with a lower speed. This speed depends on the colour of Might. If the 
material medium has a refractive index 4 for light of a particular colour, 
the speed c of light of that colour is clu. 


A Danish | astronomer Romer was the first’ to determine (1675) the 
velocity of light. He did so by making observations on the eclipses of one 
of Jupiter's satellites during two halves of a year: The first. successful 
experiment from: observations on the earth was«done by Fizeau (1849), 
Tater Foucault, (pronounced Foo-ko), Michelson’ and. others. devised 
different methods for measuring the velocity of light. (in. vacuum) more 
and more accurately. Michelson (1859-1931), an American physicist, 
spent about fifty years of his life on such experiments. He was awarded 
the Nobel prize for his work. The best value he got for the velocity of 
Tight in vacuum was 

c= 299, 7963-4 km/s. 
The error is a little over one part in a hundred thousand. ` 
ci After the Second World War, great ‘improvements were made in the 
methods iof. measuring length and :short time intervals very accurately: 
Also very strong beams of light, visible and invisible, could. be produced; 
(The former is known as ‘laser’ and. the latter .as 'mierowayes'). With 
their help. many scientists determined. c more and more accurately. 
Considering all accurate measurements upto 1964, scientists decided that 
the best value is 
0—999 792'5--0'3 km/s 


The error here is one part in a million (a value 10 times better than 
Michelson's), i 


` The advanced tations did not stop'theré. ^ Their national laborstories 
are still carrying on ‘the work. In 1972, the scientists of the National 
Bureau of Standards (U.SiA.)found | 
¢=299, 7924569 km/s. 

^. They claim that the ‘error in the value is about one hundredth of the 
previous lowest error. 

“ Importance of determination of velocity of light. 
tm vacuum is Nature's speed limit. No material particle can exceed, or 
oven fenh, this limit, "This is a law ot Nature, afd “is ‘hot due to any 
inability on our part to apply a large enough force. 


The velocity: of light 


| 
f 
1 
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The velocity oflight.in vacuum is the same under all. citeumstdnces. 
It-is. noh affected. by the motion of the sources or of the observer.” This. 
fach is the foundabion stone of, Einstein's theory of Special Relativity. 


7 ab accürate determination is also of importance in measuring distances. 
We can get a beam of light (in fact, microwaves) reflected from the object 
whose distance we want to find. When the velocity of light is known, a 
knowledge of the time interval between emission and reception back (of 
the microwaves) will give us the distance... It should; be. noted ‘that the 
velocity of light, in, -yaeuum does not depend on wavelength: | So, long 
radio waves, shorter microwaves or even shorter visible light travels with 
the same speed in vacuum. Light beams are used for measuring distances 
of artificial satellites'and of the moon. Time intervals of the order of 
107? s are no longer difficult to rhéasüre.- : 


III7.5. Polarization of light. Let us first see what polarization 
méàns and how: it distinguishes’ transverse waves from ‘longitudinal’ 
waves. five dila odi 1o jti piahi at adoi ; : 


Refer to fig. III-7.2 AD is a stout, string, ori better, a fine spiral: spring.’ 
Whichever, we use, we shall call it a string. Its Dend is fixéd. The A’ 
end can be vibrated. in any direction, inia plane perpendicular to AD. 


incen 29 fft ‘fall d 10 £913 1 
The string passes through: two: narrow slits-B and Cin two parallel metal’ 
Sheets, Hither slit can be rotated in the plane of the slit ‘in which it 
lies. Note that these planes and slits are perpendicular tothe string AD. 


ES a 
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„First, let’ usthave the slits parallel to each other.” Vibrate fhe end A 
parallel tothe slit B.' "These vibrations will pass through both B and C 
and reach D (fig. I11:7.2. a). But ‘if ‘you now turn slit O in its own plane 
‘till i$ is perpendicular to B, no vibrations will pass through C. D, will 
not feel any” effect due to. vibration ‘of A There will be vibrations 


between B and C, but none beyond C., 


iB wor 
|) Now, ‘periodically: pull’ the ‘end A longitudinally (parallel to AD). 
Longitudinal) vibrations’ will pass along AD and’ reach D. Turning 
of the slits B and C will not stop the longitudinal vibrations from 
reaching D.) i | 


iG We thus find that propagation of transverse vibrations can. be stopped 
by two slits at right angels, But such an arrangement will not stop the 
propagation of longitudinal vibrations, 


ý ; Tf the end A were vibrated at an angle to the length of the slit B, the 
component of the vibrations in the direction of the slit will pass through 
B. Tf the direction of vibration of A is rapidly changed, B will allow 
only the component parallel to i& to pass through. On passing B, trans- 
Verse vibrations ate all confined td one plane, ` this affect is ‘called plane 
polarization of transverse vibrations, The ‘slit O allows the component 
of such vibrations in its own direction to pass through. By turning C 
gradually this component is reduced in strength. When C is perpendicular 
‘to B, no vibration passes C. Thus B produces plane polarization while C 
detects it, We may call B the polarizer and C the analyser. 


q 

In the case of light waves, certain crystals play the same part as the 
slits in the above case of mechanical waves. Tourmaline is such a crystal. 
"Take a thin plate of tourmaline and allow alight beam to pass through. 
Light is slightly reduced in intensity in passing through the crystal. But 
this may go unnoticed. The light beyond the tourmaline plate i$ plane 
polarized. This can be detected by another similar tourmaline plate. A 
naturally Occuring tourmaline crystal has a certain) clearly defined 
direction which we call its axis. When we place a second tourmaline 
‘crystal beyond the first, the first one acts as polarizer and the second as 
analyser of light, With the axes of both parallel, light passes through. 
AS you rotate the second in its/owi- plane, the’ light that passes falls in 
‘Intensity. . When the axes of the two are perpendictilar to each other, tio 
light passes thesecond hos 6 ciie | aeori t á 


ee 
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This Paene which “occurs imsthe:'case of light is known as: 


polarization of : lighti -Tt ‘establishes ithe ‘fact that light waves are 
transverse in nature, sassi -i » tw 


There: are omani other ways in" which. polarization of light’ can be 
demonstrated. In the case’ of Sound waves we cannot produce polarization- 
Sound waves are longitudinal, 


III-7.0;- Light rays and diffraction. We imagine a light ray as a 
line (without breadth) which’ marks the” path of travel of a wave from 
one point toanother, In a homogeneous medium rays are straight: 


lines. Light wayes, are. said, to travel. in sae lines in such media 
(rectilinear propagation of light), 


Let us see; what we find. when we try to ‘realize’ a ray of light in 
practice. . Refer . to Fig. III7.8. -S isa small source of light, A is ® 
diaphragm. whose aperture can be gradually reduced and B is a receiving 
screen.. Let: the aperture in.A be large. Join: to the points marking 
the boundary of the; aperture in Aand produce the lines to meet B. The- 
illuminated region on'B will, forall cpu panim né confined to the: 


() . (c) 
Fig. III-7.3. 


region so marked (fig. TII-7.3b), But as the aperture is gradually reduced 
in size, the light on B will gradually spread beyond the geometrical limit 
marked in the same way as before (fg. III-7.9b). When the aperture 
is yery much reduced the spreading of light on B becomes much greater 
(fig. III-7.30).. The narrower we make a beam, the more it spreads beyond. 
the aperture. This phenomenon is diffraction, a property of waves of all 
kinds. 

When the width of the beam equals the wavelength of light the spread- 
ing beyond the aperture covers a hemisphere. 

HL7.7. Validity of geometrical optics. Ifa ray of light cannot be 
realized in practice, how can we then accept the results of geometrical 
optics which is based on the ray concept? We have seen in the last 
section that when the light beam has a width large enough compared with. 
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the waveli of light; the ray concept is good: enough as an approximation 
j (seo f s, I- 1.33). The mean wavelength of visible light may be taken as 
| 


6x107" cm. So alens or mirror 1 cm wide is large enough to apply the 
| may co concept, Even then, if you examine, small regions close to the geo- 
rs metrical boundary of a. shadow, Or a focus, you will. find small:departures 
| Tu ‘simple geometrical laws. (These are due to diffraction.) 
Ht: In optical instruments the mirrors, prisms end; lenses.nsed are very 
| us comared with the. wavelength of light, Hence their. action’ may be 
-desoribed in terms of rays to.a good approximation, : jj t 
Q. Eoplain why rectilinear: propagation of light us assured in geometri- 
cal optics is only approwimately true. (S, S.Q)* ^: 
Ans : Light, waves (like all waves) have the property of bending round 
corners. This'phenomenon isknown as diffraction, In passing through 
an apertureo f breath d, the: extent of bending isgiven by 0 where sin 6 
—Ma,.àisthe wavelength of light, the mean value of which mày be 
taken as about 6 X 107* crn. «80 an / aperture of only 1'em diameter will 
cause an angular spreading:of 6X 1075: radisn-üboub 3'of are," Such small 
-spreading cannot be detected with our eyes, The beam appears, for all 
practical purposes, to move in a straight line. 
In geometrical optics, apertures of beams-that we use, are of this order 
‘of magnitude, Hence light beams appear to travel in straight lines, 


« S. S. Q. indicates it' questions supplied by the Samsad as specimans, the 
like of which a student should know. 


IlI-8 
PHYSIOLOGICAL 
SOUND 


III-8.1. Musical sound and, noise. Helmholtz, the. nineteenth 
century scientist (1821-1894), was a physicist and physiologist at the same 
time. He carried out a vast amount of, research on the sensations of 
light andisound. On the basis of sensations sound was divided ‘into two. 
classes, namely, (i) musical sound and (ii) noise. A sensation is not a 
physical quantity and cannot be measured: ` Its Study therefore does nob 
"properly belong to the realm of physies. Helmholtz sought to associate the 
i various’ characteristics’ of different sensations of sound with different 

physical quantities. The mig — was therefore based on the 
l following definitions: 

(i) A sound that is RN tt and. periodic in B is “called 
musical sound (or note). j 

(ii) A noise is & sound of short duration, sharp and abrupt i in QUPD 
or one which changes character continuously if it persists. 

The basis for the classification was not the pleasantness of hearing in 
the first case'or unpleasantness in the second. A musical sound may be 
unpleasant to hear ; a noise may in Some cases produce a pleasant sensation 
in the ear. The definition of noise has since been changed. A mise now 
means an unwanted sound. Ifa good piece of music is diverting your 
attention’ from: the work you are Saran HA engaged in, it will be oigo 
to you. 

18.2. Characteristics of musical sound. On the basis a sensa- 
tion, three characteristics are ascribed to musical sound... Whey; are 
(i) loudness, (ii) pitch and (iii) quality. ‘All the three. are judgements 
of the brain and none isa physical quantity. 

(i) Loudness i is the; intensive attribute of an. pude" sensation in 
terms of which sounds may, be ordered on a scale extending from soft to 
loud. It corresponds to ‘brightness’:in.light: 


(ii) Pitch is that, attribute of auditory sensation in:terms: of which 
sounds may be ordered on a scale! extending from: low to high," such as a 
musical scale. It corresponds to colour in optics and may be called 
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‘musical colour’. A noise, according to the old definition, is characterized 
by the lack of a definite pitch. 

^ HP Quality (or timbre) of a musical sound is that attribute of 


auditory sensation in terms of which a listener can judge that two sounds 
similarly presented and having the same loudness and pitch are dissimilar. 
We can easily distinguish a note sounded on a flute from the same note 
played on a harmonium or sitar. The characteristic of the sound sensation 
by which we differentiate them is quality. It is by quality that we 
recomize the voice of a friend or any person we know. 
L8.3. Physical factors on which loudness, pitch and quality 

depend. — SR 

S57) Loudness and intensity... Loudness.depends primarily upon 
intensity ; but the two are nob the same... Intensity is. the rate of flow of 
sound energy per unit area, Intensity isa physical quantity and can be 
measured. But loudness is a physical sensation and cannot be measured. 
But loudness is a physical sensation anf cannot be measured, like a 
physical quantity. Intensity is proportional to the square of the ampli- 
tude and frequency; and is directly proportional to the density of 
the medium. 


Loudness appears to be approximately proportional. to the, logarithm 
of the intensity. 


[At low intensities, loudness depends much on frequency. At low. brightness, 
the eye is most sensitive to yellow-green light (14=5'5 x 10-5 em). Similarly, at 
low loudness, the ear is most sensitive to frequencies of about 3000 - 3500 Hz. 

Intensity is a physical quantity measured in ergs per sq. ¢m per second in the 
egs system,, Loudness is a physical sensation, not measurable like a physical 
quantity. Still in view of its importance in. connection, with measurement, of 


noise level, a unit, called the ‘phon’, has been used to express loudness level. 


Loudness level is measured in phons by the average sensation a sound produces 
in many men. 

° (ii) Pitch and frequency. Pitch depends primarily on the frequency 
of the sound. ` But it is also dependent to some extent on the intensity 
and the wave-form. If the intensity of a pure sound (sound of one 


frequency only ; wave form is a sine curve) of fixed frequency is increased, 


its pitch changes. But if the frequency is greater than 1000 Hz, there is 
is not much change of pitch with intensity, 


/ "Pitch and frequency are not the same, Pitch isa sensation while 


frequency is à measurable physical quantity. It is unfortunate that the 


word ‘pitch’ be used in the same sense as ‘frequency’. In some elementary 


i 
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books or in some question papers. you may, y dnd ihe expression ‘determina- 
tion of pitch" ' where determination of frequency of à sound is meant. 
| Determination of real’ ‘pitch’ is a very complicated. affair, and. is never 
} undertaken in an ordinary sound laboratory, (Pitch i is expressed i in a unit 
| called the ‘mel’. It has no connection with the hertz : but. We cannot 
go into all these here.) 


T 


(iii) Quality and wave-form. Quality ins on the. nature of 
vibration of the source, "which may be simple. or complex. A source 
executing S.H.M; produces a note of a single frequency, which is. called a 
tone. Ordinarily, the vibration of a source is much more complex and 
has several frequencies at the same time. A musical sound, which we 
shall call a mote, generally consists of several tones. The tone of the 
lowest frequency in a note is called its fundamental ; those of higher 
frequencies are called--overtones-or- ‘upper ‘partials, Overtones having 
frequencies that are integral multiples of the fundamental frequency are 
called harmonics, The fundamental apd, 1 oy es Originating from the 
same source blend together into à single music note. The quality of a 
musical sound is due.io the-presence- of overtones i im addition to the 
fundamental (Helmholtz), The. ‘ibe, nature and relative intensitie 
of the overtones determing the quality | of ical sound. The wave- 
form of a sound wave is also determined. L by exibtly these quantities. So, 
we may say that quality is. determined by the~-wave-form. The wave-forms 
of a note of the same Tandamental' frequency, but from different instru- 
ments, are shown in fig TII-8:1. 


A pure tone corresponds to o ing Colour in light ; a complex musical 
note corresponds to a mixture of oe see Ap in light, a mixture of 
colours is-calléda ^hue''we: may) 9? omis 
say that ‘quality’ in sound 
corresponds to ‘hue’ in light, Py 
analogy with light, we may Say > 

Loudness in sound ‘corresponds 
to brightness in? light," pitch to "^ 
colour and quality to hue. 

Til-8.4, Graphical _ Te- 
presentation ‘of “the” charac” 
teristics of a “musical note. dog 
Sieg sound is, wave-like, in um "Fig Ural 


nature, all the © characteristics it “produces ety have BT physieal 
7 
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counterparts in the characteristics of wayes. Now, a regular wave ig 
characterised by. @ an amplitude, (ii) à frequency or. wave-length, 
‘and (iii) a waye-form or. time-displacement curve. Broadly. speaking, 
‘the amplitude, frequency and waye-form of a sound. wave are 
associated respectively with the sensations of loudness, pitch 
and quality. Simple harmonic wave-forms correspond to pure tones, 
while mixed tones, ?.e., notes, have more complex wave-forms. 


“A. Difference in loudness, In fig, T11-8.2(a), hoth curves are sine 
“curves ‘of ‘the same frequency. They have the same pitch and quality, 
‘but their amplitudes differ. They, will be found to differ in loudness, 


ev LN. a 


Ô 


Fig. II-82 


ine 


remi g the same, the am 
louder sound. i wait larger amplitude will! produce. the 


B. Difference in pitch. In fig. III-8.99, We haveiwo.sine curves 


, C Difference in quality. In gj IILS8.9c, the amplitude and 
frequency of the curves A and B are the same ; but their wave-forms are 
different, The sounds they represent will have about the same loudness 
and pitch but their qualities will be different. The sine curve A 
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represents ^a. pure tone; it has a single frequency. The curve B has a 
fundamental frequency equal to the frequency of A; but it also contains 
overtones. The wave form depends upon the frequencies and relative 
amplitudes of the fundamental and the overtones present. 


HL7.5.. Noise, Noise has been defined as ‘sounds not desired by the 
person receiving it’. The definition is clearly subjective. What is music 
to one man may be noise to another. A musical sound is periodic in 
nature, but a/noise!is not. .Some!noisesiseem ‘to havea | periodicity:; but 
this is often due toisome ‘egies effect connected with; the! ‘noise. 


The most disborbing foot Mid noise is its CEPR Noise, Aen 
attention and. causes annoyance... In a, factory, noise reduces-the: efficiency 
of a worker. Noise also. affects adversely the human nervous: system. 
Reduction of noise, is Pe a more and more akon problem of 
modern civilization. 


3 


onthe 1-9 
| VIBRATION 
OF STRINGS 

ie ? III.9.1, : Introduction, 
/ Tn. the world of. music, stringed instriiments play a dominant role. 


Musical sound i8 produced in them by transyerse vibration of strings kept 
under tension. A point of à string is displaced from its position of rest 


fact an ideal body, never actually realised in practice but closely approxi- 
- mated to by most of the strings employed in music” (Lord Rayleigh). The 
actual string always possesses some amount of rigidity, the effect of which 
diminishes as its length-to-diameter ratio increases. The transverss 
vibration of an ideal string is affected by tension only and not by rigidity. 


Eig. IIT-0 1, 


displacement occurs, If a point on a long thin stretched string is displaced 
at right angels to itg length and then released, the point begins to vibrate, 
and starts a twin displacement wave (fig. II-9.1) on either side of it 
which travel along the string. These waves are reflected from the fixed 
ends and interfere with the incident waves forming a stationary wave 
pattern, The string then vibrates either as a whole or in a number of 


of the note emitted depends on the mode of Vibration. We shall discuss 
the velocity of wave Propagation, mode of vibration and frequency of the 
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-9:34 Velocity of transverse waves' along a string. Consider a 
very long flexible string (ab ; fig. IIL9.2a), of mass m per unit length, 
stretched horizontally -by a force of. T' dynes. at each;end. 1; Suppose a 
sudden jerk at the end 5, produces a ' hump’.4B,of length 81, .on the string 


Fig, IIT-92a f Fig. IIT-9.2b 
and that it travels from b to a with a velocity v. The tension T is supposed 
not to be changed by the hump. 

The velocity v may be calculated by a simple method. Let an opposite 
velocity v from left to right be impressed on the whole string, so that the 
hump appears stationary to a Stationary: observer. ~Every point of aA as 
it comes to the hump »willkglide through the chomp and travel on in the 
direction Bb (Fig. III-9.9b) ^ 

Suppose the hump AB (fig. I1I-9.8.) forms a circular are of radius R, so 
that it subtends an angle4501/E at the centre. Thus 8/R=2¢. At the 


Fig. 111-93 


Be A Aand B ity tangential forces, each equal to the; nnn ug Ti ave: 
acting. Bach of them has. component PQ directed towards «the centre 
O of the are and of magnitude T sin ¢ When the arc AB is yery small 
sin 6=¢ and each component — T4. 

z. Total force towards the centre--9T6-— T8l/R: 'Here^we have a 
mass.n.81 moving with -& velocity v along the arc of a circle of radius R. 
The necessary centripetal force is then m.dlv*/R and this is Supplied by the 
compen anta of the tension: directed’towards O. So we have’ 

i omo? IR =M — Tel/ R. 
jor. 0° — Tm or. Amigo e eU (qm .3.1) 
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* 
lI-94. Modes of transverse vibration: of strings: and their 
frequencies. 

Normally a vibrating string is rigidly fixed at its ends. "We assume 
that no displacement can occur there and the travelling displacement wave 
is fully reflected witha reversed phase. The result is a Stationary wave 
system of the same frequency as the travelling wave with two nodes at 
the two fixed ends, . As there may be any number-of nodes in between, 
various wavelengths, and hence frequencies: of vibration; are possible; 


Iti is the length of the string then the simplest mode of vibration 
(fig. TIT-9.4 ; top) occurs when the string vibrates as a whole, Then 
obviously 7=2,/2 where A, is the longest possible wavelength. |. The next 
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the third’ mode, the String vibrates in three segments so that 1=$ As, 
|| Me.) X—=27/8) When the string vibrates in four segments the correspon- 


| Ill-9.5.. A. Fundamental frequency of a vibrating string. The 
simplest possible mode of vibration of the string is one-in:which there are 

| only two “nodes. in the whole string. » The antinode is‘then inthe centre 
| Of the string. In this mode the entire string moves to and. ‘fro in a single: 
Segment (fig. ITI.9.4. Top), The fréquéney with which this vibration is. 
exeeuted..is called the fundamental "frequency. Sincé^the distance 
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boterddn "EG Sajbeont nódós is ltt the wavelength, the length 7 of the 
string is related to the wavelength A; of the ‘fundamental frequency by 
the relation 1=$ X, or X, —9l. 


If ,the; fundamental frequency is'.m,, then owe shall- have 
2434767. Af Dm Since A = 21, we,get 
hi =% y i (I11-9.5.1) 
Aai m. abr 
B. Other módes:-óf vibration. ‘If the string! vibrates in p loops or 
segmentis, each: loop will have: length Up= 3x5 where A, i$ the correspon- 
ding wavelength. ^ Thus Ap=20/p, If the corresponding frequeney is ^, 
then 2p\p=e= A Tm s Inda 
or, nal rcli j z : (111-9.5.2) 
This gives us all the charaoteristios of transverse vibration of stretched 
strings (See next Sec. ). Tn this equation p is ‘any integer, 1, 2, 3, etc. 
When'p=1,) thé! note! emitted’ by the string igicalled its fundamental or 
first harmonie. will appear from the équatión that the possible notes’ 
from the string have ‘frequencies’ ‘which’ ave ‘integral’ miultiples'of the 
fundamental note. For.) each value of. g, the, stting vibrates in a 
characteristic way, that is, with p loops. Each such way of vibration is 
called a mode of vibration. LEO zig 
Theoretically, a string has infinite modes of vibration. ‘These are known as 
the natural modes of vibration of the string. oo : 


To make the string vibrate ony in a parüsülar mode is extremely difficult. 
TTlüs.-an.be;üone;by resonance with. vibration of that; partienlar frequency. 
When.a;string actually vibrates, several. znodes; of. vibration, are „simultaneously 
present, Their number and nature are determined by the way the string was 
excited, The emitted note is complex and has several frequencies at the same 
time, Besides the fundamental, there, willbe overtones. , Since the oyertones 
in this case have frequencies which are integral multiples of the fundamental, 
they „are; harmonics. The harmonié having p=2 is'called the second harmonic, 
p=3 is the third harmonic, and so on.’ K 
£. Quality. The particular harmonics and their relative strengths 
determine the quality .( Chap. III-8.) ofthe note from the string. If a 
vibrating string is, touched ‘at’ a point, distant d- fom one:end where 
d=t/p, p being an integer, ‘the vibration of that point stops. “So it 
becomes a node, and only those frequencies can be present ‘which have & 


po r Sie ee seems 
58 TATA ‘stated as Piae OF rahs Vee Vibration of Sihgs"" 


104, VIBRATIONS AND WAVES 


node, at. d. , ese are mene qu Pa; 2p,, 32), ete. Iftouched in the 
middle (d. =i i: ‘only. As 9,4, 6, ote. harmonics, i.e, „the even. harmonies 
only, can be" present. odd harmonies will be ‘suppressed. li à—1/8, 
harmonics with p=38, 6,9, etc. can be present. The higher harmonics 
are generally weaker.’ In stringed’ musical itistrurhents the quality of the 
emitted note can be changed in this ‘way, that i, ‘by touching the vibrating 
main, string at different points. NA d 


ju 


III-9.6. Laws* of transverse vibration of strings. These were 
discovered byi the Prénch mathernatician Mersenne ine 1686; : Eq. III-9.5.1 
was, established; theoretically’ by: Taylor. in-:1715/:; Mersenne’s laws are 


stated’ as follows: (It you write down! Eq: TII-9.5.1 sm can state the laws 
immediately.) 


() The frequency of vibration (varies, cae as ea vibrating length 
when the tension and mass per unit, length remain constant. This is 
known as the law of length. In symbols, 


dodane fo notiemdiv ozrevar 

die V8 EL tll when and m are constant. 

ki Uo ithania, of i vibration | varies | directly as the square-root of 
dee ‘when «the: length vand - ‘Mass per unit length of — Mn 
constant.) | This is the law, of tension. ..:In symbols, 


ni esie (met T vn Land m ie constant. 


hi apj 


t Ifa: 


(CON "de E of Sissi. varies inversely as ‘the oa “root. of 


A Per unit length provided the length and the tension of the string 
emnin constant. Thij is the law of mass. Tn symbols, '' » 


bib ps = Jilm: when T and lare constant. 


AXonmTfothe: cil isvlofo Seiak ‘cross: section owe have «linear "— 
! area Of cross-section X density =ad*p Where d'is the wire diameter 
dP the density ot the material. 4 PROM 


an 
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Hence of a. uniform, wire of circular cross-section, we may put the law 
of mass in the following forms : e e 

(dia) -Lawof diameter, Length, tension and: material remaining 
the same, frequency, varies inversely as the diameter. 

(iii B) Law of density. Length): tension and diameter: remaining 
the same, frequency varies inversely as the square root of density. 

HI-8.7.. Sonometer: A. useful instrument; based on the vibration , of 
atrings is the sonometer. “Most öt the laboratory experiments on strings 
ave performed ‘with the sonometer or monochord. adis 

A. Description»: sonometer (fig. :T11-9.5) consists oft aihollow wooden 
box with a thin horizontal wire attached toa peg, stretched, on the top 
of its The wire passes/over 9 grooved pulley: (P) and carries a hanger o? 
which weights (w = mg) oan be! placed ŝo iàs toapply a known tension to the 
wire: Wooden bridges, By B%s'Bs are ‘placed beneath the wire for adjusting 
the vibrating length of the wites! ‘To measure these. lengths =a horizontal 


w Fig. HE-S5 (8). ~~ j sii t golor dgs 


Y ^. ^ 46 i . nsi ane : T 
scale (the lower fig) is sometimes fixed on the, box bel yw, the wire. IY 
often an auxiliary wire is proyided alongside the main wire, stretched from 


another peg and passing over agecond pulley (the lower fig). It also carries 
a banger for weights. With only one string the apparatus 15 & monochord. 


= 


n = Tan 


F 28 
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The frequency ‘of the emitted note from a given sonometer wire can be 
altered by either (i) changing the distance between the two bridge 
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while heaving the tension constant or si by Kedping thie distance fixed 
and changing. the tension. 

UB. Ex: In all experiments ‘with i ?jonometér, “the ‘wire is 
required to vibrate in unison with the Frequency of ‘the “source to be 
‘investigated. Lo find when resonance oceurs,, placecthe! tuning fork on the 
sonometer ! bos^and''a small: “paper «rider vion isthe» Vibrating length 


Alter either the distance | between “the bridges or ithe» stension ion the , 


string’ till the rider is “thrown lofi.: This happens «when» the natural 
frequency of vibration of the:string agrees with that of the sounding body. 
‘At vesonande, the string vibrates! with à large amplitude and consequently 
throws! off the rider. When ‘there isa slight omistuning it ean be 
detected by the bents that ocetir between: the two sounds, One of the 
bridges thaythenbe adjusted : till othe beats disappear. vAn 'experimenter 
with a" good’ musical lear ocdn, without the uséiof a. paper rider, /obtain 
this matching or "tüning" as it is technically, called, by listening. 

C. Action of box holes. Note that in the sonometer, as in the 
violin, the sound comes mainly from the vibration of the air in the wooden 
box. Holes i in the sides of the box enable energy from the vibrating sir 
inside the box to pass into the air outside. "The vibrations of the string 
are communicated through the bridges to the top board of the sonometer 
box. This i is thrown into forced vibration. Its vibration throws the air 
inside the box into forced vibration. Progressive waves come out of the 
box through holes in its sides. 'Tha&is how we hear the sound of the 
E air. The string itself is a poor radiator of sound energy. 


. “Action of fork. "What ‘happens When the stem’ ofa vibrating 
p is pressed on the board of a sonometer? We have ‘noted in 
fg. IILi.l that the stem vibrates longitudinally when ` the prongs 
are set into (transverse) vibration. "he up-and-down "movement 
of the stem throws the board into forced vibration. These are communi- 
cated to the string’ through the bridges. That. d how a vibrating fork 
affects the string. 

The forced Vibration of the board gets its energy tad the fork. So 
the vibration of the fork lasts for a shorter time than when not pressed 
on the board. At resonance, the rate of energy transfer is quickest. 
Hence when resonance occurs, the vibration of the fork diminishes fastest. 


Example. IlI-9.1. A wire 50 em long ds ander a. tension of 95 hg. The 


mass of the wire is 144 4. Find the frequencies of, the fundamental and the 
second harmonic, 
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Solution : Here Le? kii #125 %11000 * 980 dyn; 22144 2/50 cmi POF the 
fundamental 1250 -em Substituting these values in Eq. IIL9.51, we get 
the fundamental frequency &291:6/s.. The ssecond. | harmonie ' has ^ twice 
this frequency. é ; 


Ex. 1-9.2. Two wires of, the same, material and diameter have lengths 54 em 
and 36 em and the sume frequency., If the tension in the first is-9 kg, what is the 
tension in the second ? iw 


Í 
; " 


Solution: Here n= 1 7, 1 Jh or, orale A Ti- 
p m E Vm = i ad x 
Putting values, we get Ta=4 kgf. 


Ex. I1-9.3. The tensionin a wire is 10 kg. Another wire of the same material 
has double the length and diameter of the first. What should be the tension in the 
second so that its fundamental may be an octave higher tham, that of the first ? 

P aa AN pas 


D ^ 
Solution: Let lx, dı and ls, d, be the lengtlis and diameters of the two- 
wires respectively. pis the same for ‘both. We have 1j221j and 'd,=2d,, If 
n, is the frequency of the first, Na will be,, equal. to. mis. ‘Therefore, 


^ TAKERE 
1/10 kgf and 7t ve 24 KV pias \ofProm these we get 7 
pd? Tur Ni : 
cec SR My AS Yn 


Ny 


2x pals? 
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Ex. 1-8.4. Find the velocity of transverse wanes in.a,string, under a. dension of 
0:23 ky when its length 13,65 em and the mass. 092 Ir, Jf it emits its) fundamental, 
what is the frequency ? (g=981 em[s?) : are 3st oH) (RA o Weer 

Solution: Tension in absolute rien 1000x ENT I 

Mass per unit length= 152/65 =0:008 fem 2 
.. Velocity of the wave c= wT[m < ^ D voit ov fino rip 
0993 x 1000x 981 . TN 
EN [eS x IBL A 5811 cm/s ^ 
Wavelength of the fundamental=2 x 65 em 
Frequency of the fundamental = c[\=5311/130 24085 Hz. 

Ex. 11-9.5, A steel string 100 em long is struck at a point 25 em from one eni 
What are the possible modes of vibration and which harmonics will be missing ? 
If the vibrations were stopped at 25 em, which harmonies will be present ? 

Solution: ‘Those notes of vibration of the string in which it has a node at the 
point struck, will not be excited. The distance of the point struck is 25/1007 7 
fraction of the total length. Hence the 4th, Sth, 12th ete. harmonics will have 
nodes at that point. They will not be excited. 

In the second case, vibrations with a node at 25 em can be present, Èe., the 
4th, 8th, 12th etc, harmonics. 

Ex. 10-9,6, Tworidentical wires stretched under the same tension of 5 kg-wt emit 


moles in unison which are of frequency 300[s One wire has its tension increased 
Find the number of beats heard whent they are plucked. 
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_ Solution: | Original tension of both the wires in absolute units . 
A ATU aq i nd =5x 1000 x 981 dynes, 
‘Subsequent increased terision of one of them 251 1000 x 981 dynes. j 
When sounding in unison the frequency of the second wire was 300. | 
i 1. /5x1000x981 
soom Ve | 


DE 
y 


At the higher tension the frequency of the second wire is 


A ; 
RU" Ble 1000% 981 
m 


on JID. /5T 
"mo V Prim ed 


Ny pin o 
| oom 000 JE i. 
_ Hence the number of beats per sec is n'—- 30023; 

"Ex. I-9.7: Two wires of the same material have lengths in the ratio 2:3. lj 4 
their diameters are the same what must be the ratio of their tensions for the shorter 
wire to give a note an octave higher than the longer ? | 

Solution: Let the lengths óf the two wires be 2c and 32, their frequencies 


nand.n', and the tensions Tand 7" respectively. Since diameters and materials 
are the same the linear densities are equal, 4 


1 z HE ggg t toe 
Hence n= iV ann -aVi Wen 
As n Is an octave higher than n’, we have nsn; ^ ^0 aii $o 


"el vis EVT “or TT = 16/97 | | 
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VIBRATION OF 
AIR COLUMNS 


IIL10.1. Stationary vibrations in Air Columns. We have seen 
above how a Vibrating string generates stationary wayes. "The frequency 
of the vibrations or waves is the frequency of an y one of the natural 
modes of vibration of the string. They can persist for long in a string, 
Such a wave must satisfy two end-conditions (known as boundary condi- 
tions). "The boundary conditions of a stretched string fixed at both ends are 
that there must be two nodes at the two ends since the ends ate rigidly. 
fixed and there can be no motion of the string at either end. 


Exactly similar considerations apply tò thë vibration of an air° column 
in a pipe, open’ at one or both ends. ‘Diko the string it has natural (or 
characteristic) modes of vibration: The frequénoy of ‘such a Vibration is a 
natural frequency. It is the frequency of a stationary wave which čan 
persist in the air columns: To do so, the: wave must satisfy boundary 
conditions at the two ends of the pipe. So, our arguments in finding. the 
natural frequencies of an air column will be similar to those in the case 
of strings. be x. budos erid.io vti»o í 01 

But the waves here: are longitudinal in character. The air column: 
is enclosed in à pipe, and is excited by blowing at one end. The 
compression and rarefactions started by the blowing, travel along the air 
column, and are reflected at the other end. Stationary waves are 
produced by the interference between the. incident and reflected wave- 
trains passing through the air column in opposite directions, as discussed 
helow, REDDE sd 4 

We shall consider the air, column to be contained in (i) a pipe closed 
at one end, and. open at the other or (ii) a pipe open at both ends ; they are 
called closed pipe and an open. pipe respectively. It- will be 
assumed that (a) the diameter, of the pipe is small compared with the 
length of the pipe and the wavelength of sound. and (b) the walls of the ' 
pipe are rigid. SOFAS RIS 

II-10.2. Closed pipe. A vibrating tuning fork, when held over the 
open end of a pipe, the other end of which is closed, sends a longitudinal 


g 


M 
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swave-train down the pipe. It is reflected from the closed end which isa 
rigid wall. Superposition of the two identical but oppositely-directed Y 
wave-trains produces stationary waves in the air column, generally of f 
‘Small amplitude. » 
kN Since the close end is rigid, air particles at this end cannot move. o 
& ode occurs at the closed end. Again, at the open end the air particles 
have the maximum freedom of. movement. So the displacement there i 
will bea maximum, so as to produce an antinode at the open end, — 
“Stationary waves which satisfy these two boundary conditions can persist 
4n the tube. " Therefore, the natural modes of vibration of an sir column - 
“ina closed pipe are such that there is a displacement node at the 
` elosed end and an antinode at the open end. Stationary, waves which 
tll this condition can have various wavelengths as shown below. 


j 


We know that the separation Between a node and an antinode is p 
-or an, odd multiple; thereof. Hence, the aircolumn in\a closed pipe will 
„so vibrate.as to.produce only. those waves that would make the: pipelength 
equal, to, an odd multiple. of. 2/4, Hence:the jrelation between the pipe 
‘length, will be Anaited (orienpert dt ofupst 
eese voc cdm AmA erac4( m1) ^ ^'^ Grr1022] 
"ghere m — 1, 2, 3 'ete., Je 0 thoai Rupe 


6 


Tf c be the velocity of the sound waves produced. then the: frequency 
peddling se pill i of the emitted tone willbe: odi i 
eH injin =m lead i 1 (101-10.2:9) 
A: Fundamental: in a' closed pipe 
Tf ih the above equ. we put m=1 then 
we have  n,=c/4l" ; x (THe 102.8) 
“OU pis is the fundamental'tone or the first 
harmonic, the lowest frequency that the 
‘given’ pipe can emit Patting m-11n eq 
c ITTA we get te relation’ between the 
ign length “ot the pipe and the: wavelength 
Cay" (y produded; whieh’ is ai =al. "This is" the 
"Fig, IIO] longest wave produced by the pipe. 


Physically it represents the simplest mode of vibration with a node 
‘and an antinode at the two ends and no other in the pipe ` 


` | 
VIBRATION OF; AIR. COLUMNS oe 


‘The mode‘ot vibration. of; air column in a closed, pipe emitting the 
fundamental is shown in fig. IIL-10.1. The amplitude of vibration of air 
particles gradually falls off from the open end towards the closed one. ‘The 
entire column alternately moves towards the node (closed end) and away 
from it, . The pressure variation is a maximum at the displacement node 
anda minimum at the antinode. Fig. 10-101 (b) shows the disposition of 
air layers throughout the length of the pipe when the compression at the 
closed end is highest. i T | 
[We may imagine the amplitude at any place in the pipe to be réprésented by 
a horizontal line drawn at the place^and: confined’bet ween’ the broken lines iti 
fig, TIT-10.1 (a) Tn this and subsequent figures though the amplitudes are indicated 
as if the vibrations are. transyerse; it must, be remembered: that, they-are 
longitudinal in mature and paralled to the pipe adis... . 
B.. Higher harmonics of a closed pipe. In the mode of yibration 
next.in. simplicity, there is another pair of node (nz) and antinode (a4) 


n= 
“ay 
Fig UL102 .. 22.07 
between the ends of the pipe (fig. IHT-10.2 0) i4, then putting m= in 
eqn. III-10.9.2 we have, the next frequency as ` ` à ! 
na —e[X, =8c/41= 8n, onsin 102-4) 

This is the first overtone or the third harmonie. The freguency is 
thrice that of the fundamental. The value of the corresponding wave- 
length is obtained by putting m=2 in eqn. I-10.2.1 and 4941/8. 

Tt there be two pairs of nodes and autinodes between the ends of the 
pipe (fig.. III-10.90) then there will be five quarter-wavelengths in the 
length ‘of the pipe, ie, 1=5As/4 or As=4l/5.. The corresponding 
frequency will be... 


fs -ols =õc]st=5m 111-10.9.5) 


—————————  i— | 
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his is the banie as obtaitied By putting m =3 in eqn. TIL-10.2.2. This is 
the second overtone or the fifth harmonle. 
"putting m=4, 5 ete. in succession in Eq. THI-10.2.1 and 11I-10.2.2 we 
can find the wavelengths and frequencies of the higher overtones. The 
9th etc, harmonics. This analysis from 


corresponding notes are the Tth, ; 
the odd harmonics can be obtained 


Hq. 111-10.2.2 shows, that only 
from a closed pipe. 

As in a string, it is difficult. to excite only one mode of vibration ; 
more than one are almost always present, The particular overtones excited 

“and their intensity relative to the fundamental depend on the mode of 
excitation. The quality of the émitted note depends upon the overtones 
present and their intensities relative to that of the fundamental. 

TH-10.3. Open pipe. To find the hatural modes of vibration and the 
frequencies of an open pipe, we determine the kinds of stationary waves 
that satisfy the boundary conditions ab the ends of the pipe. Remember, 
in a stationary wave the) particle displacement is zero at a node. T6 
gradually increases aS” wë” move away from the node and reaches à 
maximum at the nearest/antinode. "Thereafter, it falls to zero again at 
the next node. Fd I | | 

In an open pipe, the) ait particles ab both the ends haye the maximum 
freedom to move. Hence Only those Stationary waves can persist in 
an open pipe which ‘have maximum displacement antinodes, at 
the ends. This is the—basis to calculate the natural modes and the 
corresponding frequenciés;of vibration;ot an open ‘pipe. The natural modes 
of vibration in an open pipe will be those that have two displacement 
antinodes at its two ends. [ 

Now, the; distance between, two, antinodes isa multiple of \/2 and 
given by m\m/2 where m is an integar, 1, 2, 3,. eio. . Hence the relation 
between. the pipe-length and the wavelength will be given by pane 

1=mm/2, or Am = lm (11-10.3.1) 
and the frequency of a hote willbe ^'- Povoda 
; ; n=C[\m= molat — ases © (mr10.9.2) 
|. As in a closed pipe or vibrating string, it is very difficult to excite one 
mode only, Depending on ‘the method of excitation, séveral hormonics, 
‘besides the fundamental, are simultaneously present. ' Quality of a note 
is determined as in the other related cases. — BUM. 98 í 
j Fundamental and harmonics in an open pipe. ‘The “simplest 
possible mode of vibration of air in an open pipe i§ that in which there is 


mmm 
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no antinode in the tube except at the two ends, Denoting the corresponding 
wavelength by A, we shiall have 1=A,/2 or à, 21. Thé frequency nı 
corresponding to the wavelength is - 
n4 =c —c|[2l (11-10.8,3) 
This is the fundamental. Tt can also-be obtained by putting m-—1l 
in Eq. III-10.8.9. A single node will be in the middle of the pipe. -The 
amplitude’ and disposition of the air layers throughout the length of the 
pipe are indicated in fig. III-10.3(a) and (b). 
Putting m 2 in Eq. I11-10-8.1 and III-10-8.2 we obtain , 
l= As and na — ol Xg—c/1— 2n;. (111-10-3.4) 
This is the next mode of vibration and the 
emitted tone is the first overtone or the second 
harmonie, Its frequency is twice that of the 
fundamental, Physically, there are three anti- 
nodes and two nodes in the tube as shown in 
Fig. III-IO.4(b). 
Putting m= 3 in Eq. I11-10.3.1 and III-10.3.2 we 
deb] 8As/9 and n =c/As =30/21= 9n;. (I111-10.3.5) 
This is the second ‘overtone or the third 


Ar 


harmonic. -Tt has. a frequency thrice that of the "a 
fundamental | In this case four antinodés and a) 
three nodes occur in the pipe [fg. TII-10. .4(c)]. fig. TII-10,: 


Pütting.m-4; 5, 6 ete. in Eq. TII-10-8:1 and IHI-10-3.2. we get the 
wavelengths and frequencies of the higher harmonics. 

In the open pipe also, a number of overtones are simultaneously 

/ present along with the fundamental, 

^ i4 Aj Aii whenever it is sounded. In contrast 


n| =|- with the closed pipe, all harmonies, odd 
i od i || as well as even, may be given out by 
"|| an open pipe. 
YUT cans [et | | nj — į 

adl 1 In all modes of vibration, the portions 
dim : of the air column on two sides of a node 
bi simultaneously move towards the node 
ALLIS AMUN CAME or amas om it Pig: 111-10:3(b) re- 
(a) (b) (C)... presents the relative positions of normally 
Fig, uno” equidistant. air layers as Shey, all move 

towards à node. Thearrows in Fig's [11-104 represent this kind of motion. 

8 


a 
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III-10.4. Comparison between closed and open pipes. 
Closed pipe ) Open pipe 

1. Must” have a displacement 1. Must “ have“ displacement 
antinode at the open end and a  antinodes ‘at both ends and dis- 
displacement node at, the closed. placement mode at the middle. 
6 2. Possible wavelengths 9.. Possible wavelengths 
Ain = 41/(2m—1) where, m=1, 2,8, | Am=21/m where m=1, 9, 8, etc. 
ete. 


8. Possible; frequencies) nm = 8: i Possible,,| frequencies. nm — 
e| Xa 7 (2m — 1) c/41. ela 7 mol Ql. 
4. For the fundamental m = 1; 4. For the fundamental m- 1, 
AL —41, ny —c[Al. 347791, n, —e[91. 


Therefore, for pipes of same length the fundamental of an open pipe 
_ às an octave above that of the closed one. To produce the same fundamental, 
an open pipe should have double the length of the closed one. 


5. The first overtone has m= 5. First overtone has m= 
2, so that »=41/3, ns =8n1. This As=l and n=2n,.  This.is the 
is the third harmonic. |... ` second, harmonic. 


6. Second overtone has m=3, 6. Second overtone hasm=3, 
Às —41/b, na=5n;. Itis the fifth 35 —91/9, n—3n,.. It is ‘the third 
harmonic. harmonic. 

7. Only odd N can 
be produced. ( and even, can be produced. 


Fig.s III-10.5 and III-10.6. show 
the number, position ete. of the 
nodes and antinodes in the two 
types of pipes as each emits its 

‘first and second overtones 
respectively. ^ Every successive 
overtone has one node and 
one antinode more than the 
preceding overtone, 

Example ‘I-10.1.. A closed organ 
“pipe 24.5 om long is in unison with a 
LESEN t svi OL? ^ tuning fork of frequency 256. Tf iis 
Sro: pig: TH-105 Fig. TII-10.6:-: length is increased by 2. mm, find the 
number of beats produced-when the fork and the pipe are sounded together. [And U-] 


le 


7: All harmonics, both odd 


' 
1 


——— 
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Solution : Assuming that the pipe is sounding its fundamental we have from 
the given data 256 c/(4 x 24.5) 4 
where cis the velocity of sound. "Then c=256x4x 24.5 
When the length is increased, the frequency becomes 

n=c|4l=256x 4 x 24.5/(4 x 24.7) =2539 or 254 (approx.) 
The number of beats=256 - 254 =2 per sec. 

Ex. I-10.2... Two organ pipes, one closed and the other open, are respectively 
2.5 ft. and 5.2.ft long... When sounded together 4 beats are heard per second. Find 
the velocity of sound. [ Pat. U ] 

Solution: Tf n and n' are the fundamental frequencies of the closed and open 
organ pipes respectively, then 3 

n=c/4l.. n'=0|2l; andy m-n' 94 sii 1o en 
+, n=o|(4x2.5)=0/10 and ms c[(9 52) e[104. ..- 2 


taoli " 
4 Ho) 4 or o=4x 10x 10.4/0.4=1040 ft/s: 

Ex, HI-10.8. A swimmer sends a sound signal from a lake bottom to the top. 5 
beats are. heard with the fundamental of a 20 em long closed tube. Find the wave- 
length of sound in water given that velocity of sound in air. and water are 360 m/s 
and 1500 m|s respectively. ; [LI T?74 ] 

Solution: Let n be the frequency of the sound signal. Then that of the 
closed pipe will be #+5. | So we have Yaraipar i 

n'=n+5 = 0 4/4 —360/4 x 0.2 450/s 

sS Am Oy [n =1500/455 or 1500/445=3.3 m or 3.37 m 

Ex. HI-10.4 A 25 em long string with a mass of 2.5 g under tension produces 8 
beats with a closed pipe 40 om long, when the string sounds its first overtone and the 
pipe its fundamental. On decreasing the tension beat frequency falis. Find the 
tension in the string if sound speed in air is 320 m[s- (1.1. T. 82] 


20 /s 


RA a ym? To le c _ 320 
Solution : n- V L7 V z $ poa Tx047 
From the given condition n, 7200£8 


But as decreasing the tension lowers ng and beat frequency also falls 


we conclude ngZtp te» ng7^p*8 
 208= 35 Ji .. 10 T=(208x25)" or T2604 megadynes. 


11-105. Vibrating air columns as sources of sound. When we 
speak of a source of sound, we understand that, it is a vibrating body which 
generates sound waves in air. Air columns in closed or open pipes can 
vibrate with characteristic frequencies, and they are stationary vibrations. 
How can they serve as sources of sound, giving rise to progressive waves ? 


_———— 
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Stationary vibration of air columns in closed or open, pipes can be 
generated in more than one way. A common method is to blow across 
the mouth of the pipe. This, blowing. sets up. waves within the. pipe. 
These are reflected repeatedly ftom the ‘two ends of the pipe (so long as 
the blowing persists), forming: stationary waves. Though it is surprising, 
a large part of the wave inside a pipe is reflected back into the pipe at 
each ‘incidence at an open end. =A siviall “part of these incident waves 
there pass out through the opening and spread out as progressive spherical 
waves. This is how an open or closed pipe serves as a source of progressive 
waves and hence is a source of sound. 


II-10.6. Determination of the frequency of a fork or Velocity of 
Sound by resonance with an air column. "The frequency of a fork may 
be determined by setting, up resonance with „it of a column `of air of 
adjustable length. The frequency can then be determined from the length 
of the column if the velocity’ of sound in the air columm is known. - An 
open pipe which ‘has one end immersed in water works as 8; closed pipe. 
The length of the enelosed ait’ column can be altered by varying the 
depth of immersion. 


* A 


To find the frequency of the fork, the vibrating fork is held at the 


Iro Sh Suo ; Ì fig. Ir107 


goi 
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The tube is then slowly raised along with the vibrating fork (fig. 1H-10.7). 
At a particular position of the tube the air in the tube will be thrown into 
resonant vibration by. the fork and emit;a fairly loud sound. Since we 
started from & very, short length tbe. note emitted by the air column must 
be its fundamental. If cis the velocity, of sound in the air column, ! the 
the length of the resonant air, column and n the frequency, then from 
Ed. 111-10.9-8. we get n=o/4l. 

The velocity so determined is that in moist; saturated air at the tempe- 
rature of the room. Velocity increases with temperature and moisture 


Knowing c and measuring } we can find n,’ the frequency of the fork. 
Tf. we known; weican, from the yelation c= 4In, find c. Thus the velocity 
of sound in the most, air of the tube can be determined in the laboratory. 

Tf the pipe is filled witha gås other'than air, the velocity of sound in 
the gas can be found by the same method. a+, 2) 

End Correction. ‘Lord Rayleigh, has. shown theoretically that if 
stationary waves are generated inatube, the antinode is not (formed 
exactly atthe open end! ofthe &ubó but lies a little: beyond. it. If the 
radius of the tubeis,r, the sfüfinodé will be at a distance 0.6r away from 
the open end. 

Therefore, if the actual length of the” tube isl, the distance between 
the node at the closed end and the antinode at the open end is (1+0.6r). 
To correct for this effect at the. end we should write 

n-elA1406) (11-10-61) 

Ex. 1-105 An open pipe, 30 ems long, and a closed pipe, 23 ems long, both of 
the sume diameter, are each sounding its first overtone which are n unison. What 
is the end-correction of the pipes ? i | [ Lond. Inter ] 


Li 
Solution: When the open pipe is sounding its first overtone, the length of the 
vibrating air-column will be 30+2¢ since there are two ends. Jf the wave-length 


is A, then Ase[n-3042e., | 5 00 (A) 
where c is the velocity of sound and n the frequency of the first overtone of the 
‘open pipe. [fe AER Epa 


¢ 4 
When the closed pipe is sounding its first overtone, the length of the vibrating 
air column must be 23+e. Since the tube íis sounding its first overtone, the 
‘vibrating length will be 3/4: 


3. 492 

VER ms um jai (B) 
Since the frequencies'are the same, We get from relations (A) and (B) 

; ui omddm A 298:*em190428000 779 7 ib-rit 2.6 Mods ii 
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Alternative method. There is an alternative” method of finding n 
or ¢ by eliminating the end effect. If we keep on increasing the length 
of the air column beyond the firs& resonance, à second resonance will 
occur when the length of the tube is nearly three times its previous value, 
The tube then emite its first overtone or third harmonie, 


“Let the wavelength of the note emitted by the fork be A. If Jy is 
the length at the first resonance, then 


M4 =t 08r =b; +e (A) 
Tt la be the length of the vibrating column at the second resonance 
then 3\/4=1, -0'6r— b, +e (B) 


[ The mattér will be clearly understood if we imagine the closed end, 
iè. the water surface in the tube, to lie at Na in fig. ITT-10.6 (left) at the 
time of the first resonance, and at Ny at the second, ] 

Subtracting (A) from (B), we have A/2— 1g — 1, 

Son =la — 14) (I11-10.6.9) 

This relation is free from end correction, 

A simple form of the resonance tube is shown in fig. III-10.7. A more 
elaborate apparatus is shown in fig. III-10.8. It consists of à metal tube 


RF iy a Fig. IL-108 
BR" about 5 cms in diameter and 1 ètre long. A rubber tubing AB 
connects it to a metal container C." The container and the tube are partly 


O 
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filled with water as shown, » The level of water in the tube can be changed 
by raising or lowering C. A number of strings from the periphery of the 
container is tied together to a stout string W which passes over two 

` pulleys p and p’. C can ‘be raised or lowered by pulling or slackening 
this string. A narrow glass tube Gis connected by.à side tube to RR' 
and stands in front of a scale SS’. The tops of G and RR’ are at the 
same level so that the. length. of.the air column can be read off from the 
scale. To carry out'&n experiment, a sounding tuning fork T'is held over 
RR’ and the water level is adjusted by manipulating W till resonance is 
obtained. Several readings for resonance are taken both when the length + 
of the air-column is decreasing and when it is increasing. > 


Experiment. To determine the velocity of sound in air. The 
container is raised. so that the length of the air-column is very small, 
Now, holding a vibrating fork of known frequency over the tube, C is 
slowly lowered so that the length of the air column in RR’ slowly increases. 
At a particular length the air in the tube will resonate producing a loud 

. sound. When the sound is loudest, the length of the air-column is read 
off from the water-level in G. * Cis lowered a little more and then raisec 
to find the resonating length. ‘The observations are repeated. ' aS 


The mean gives the length for the first resonance and the tone emitted 
by the air-column is its fundamental tone. 


The container is then lowered continuously till ‘a second resonance 
is obtained. The readings for the ‘resonating lengths, both when C is 
being raised and lowered, are taken as before and the mean ‘value obtained. 
This length gives out the first overtone which is the third harmonic. 


III-10.7. Effect of temperature and humidity on the frequency of 
an air column. The frequency 7 of the note emitted by an air column 
is given by n=(2m+ 1) c/4l or n=me/21 according as the column is closed 
or open. Here m=1, 2, 3,...etc., c=yelocity of sound in air and 1 the 
length of the column. Factors which affect c will also affect. So ifthe 
temperature increases, n will increase as the square root of the absolute 
temperature ; will also increase when the air inthe column is more 
moist, as the density of moist air is less than that of dry air. 

Ex. HI-106 A fork of frequency 250 produces resonance when the length of air 
column in a tube is 31 ems and again, when it is 97 ems. Find the velocity 
of sound in air and the diameter of the tube. [U. P. B.) 
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Solution: ‘The difference between successive resonant lengths is halt the | 
wavelength. Therefore, the velocity is c=2n(l,—l,)=2x 250 x (97—31) em | | 
sec=330 metres/sec, Now from eqns: A and B above we get. uM 

e$, —3,)- 191 -93) =2 ctus. i 
, s. d=e/0,3=6.7 cms, j 

Ex. Hi107 A tuning fork held over w resonance tube ‘shows resonance with air 

columns 24 cms and 741 ems long. Find the frequency’ of the fork, the end 


correction of the tube and the room temperature, 4f the velocity) of sound is 340 
metres|sec, at room temperature and 330 metres[seo at 0°C. [ Utk, U.] 


Solution :... From Eq. III-K -6,1, the frequency of the fork is 
n=c]2(l, - 1,)—34000/12 x (74.1 = 24)] 934 x 10?/(2 x 50,1) 339,8 per sec. 
The end correction e=}(/, - Seide 12) 1.00 cms. 

To find the room temperature, we apply Eq. HI 4-6.3 eie AT. 


2734 
igit 7wa8 7 oo) or beg (a) = led 
neglecting (1/33) which is very small. 


J, i=2x273/38=16.5°0. — 


Problems: (1) - A closed pipe, 25 cm long, is filled in turn with (a) hydrogen, 
(b) air and (c) oxygen, under the same conditions of temperature and pressure 
The densities of the gases, proportional to their molecular weights, are in the 
ratio 13144316, Ifthe velocity of sound in air 330/ms, find the frequencies of 
the fundamentals in the three gases. [ Ans. 330. mjs, 1252 m/e, 313 m/s. J 


(2) The frequency of a note emitted by an open air column at 10°C is 100 Hz. 
What will be the value at, 30°C ? | of o[ Ang, | 1035 Hz.] 


| (3), Two open organ pipes give 6 beats per second when souiided together in 
air at 10°O, What will be the number of beats at 24°C ?..[ Ans.’G:15,per second.) | 


——————— 
EXERCISES 
r 


— 


V. W. $—9 


III-l. (Simple Harmonie Motion) 


(A] Essay type questions : 


i. Define simple harmonie motion in two ways. What are the 
characteristics of S.H.M. ? 

2, From the definition of Simple harmonic motion, derive expressions 
for (i) the displacement of the particle, (ii) its velocity and (iii) its 
acceleration, Under what conditions will they assume maximum and 
minimum Values ? nist ad 

3. Establish the equation of S.H.M. Prove that the total of kinetic 
and potential energy at any instant in an S.H.M. is constant. 

(H. S. '81, '82) 

4, How does energy in 8.H.M. depend on the mass of the particle 
and the amplitude and frequency of the motion? At which points in 
&.H.M. are the kinetic energy and the potential energy of the particle a 
maximum ? Where are they zero ? : 

5. (à) Whatdo you understand by phase, in S.H.M.?. What are 
phase angle and phase difference ? ! 

(b) Explain how you can compose graphically two collinear S.H. M.'s 
of same period and phase but of different amplitudes ? What will happen, 
if the phases are opposite ? HOW - (H. 5. '81) 

6. Give a precise definition of S-H.M. and discuss how far the motion 
of the simple pendulum is simple harmonic. © (J. E. E. '16) 

. 7. Show that motion of each of the following is simple harmonic and 
find the time period,: j 
(i) loaded vertical elastic spring, 

(i) cylinder floating vertically in & liquid, 

(üi) liquid in a U-tube, l 1 

(iv) gas enclosed in a cylinder under & piston, 

(v) body suspended by a wire, Lid 

(vi) horizontal bar magnet in earth's magnetic field, 

(viii) body dropped in the hole bored along the diameter of earth. 


[B] Short answer type questions: 


8.. A copper ball suspended on a spring performs vertical oscillati 
_ How will the period of oscillations change 

. (qq) if an aluminium ball of the same radius is attached to the spring 
instead of the copper one ? . 

(b) if the copper ball is immersed in & nonyiscous liquid of density 
one-tenth that of copper ? : 

9. Give some examples of motion that. are approximately simple 
harmonic, Why are motions that are exactly simple harmonic very rare ? 
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10. A point mass m is suspended at the end of a massless wire of 
length J and cross-section 4. If Y is Young's modulus for the wire, obtain 
the frequency of oscillation for its simple harmonic motion along the 
vertical line. (LLT. °78) 

11. A spring has a force constant k, and a mass m is suspended from 
it. The spring iscut in halfand the same mass is suspended from one: 
of the halves. Is the frequency of vibration the same before and after 
the spring is cut ? How are the frequencies related ? ; 

12. Suppose we have a block of unknown mass and a spring of 
unknown force constant. Show how we can predict the period of oscillation . 
of this block-spring system simply by measuring the extension of the spring 
produced by attaching the block to it. 

13. You have a light spring, a metre scale and a known mass. How 
will you find the time period of oscillation of the mass attached to the 
spring without using & clock ? (LLT. '74) 

14. Predict by qualitative arguments whether a pendulum oscillating 
with large amplitude will have a period longer or shorter than the period 
for oscillations with small amplitude. 


[C] . Numerical problems : 


15. Write down the equations of harmonic motions with amplitude of 
(1 m, a period 4 s and an initial phase zero. If the initial phase is 45°, 
then what will be its equation? [40'1 sin (0Sat+z/u) m.] í 


16. The equation of motion of a point is given as 7-2 sin 3) 


em. Find (i) the period of oscillation, (ii the maximum velocity of 
the point and (iii) its maximum acceleration. [4s, 8°14 ems” +, 4°93 cm^?] 
E 

g 
Find the moments of time at which the maximum velocity and accelera- 
tion are attained, ; i [0, 6, 19s ete, 8, 9, 15s etc.] 

18. Write down the equation of a harmonie oscillatory motion if the- 
maximum acceleration of the point is 49'8 cms~*, the period of oscillation 
9s and the displacement of the point from equilibrium at the initial 


. 17. The equation of motion of a point is given as #=sin 


moment 95 mm. i [5 sin zt) em.] 


19. The initial phase of an harmònic oscillator is zero. When the point . 
deviates by: 2°4 em from the position of equilibrium, its. velocity is. 
3 ems ^ and by 28 cm when it is 2 ems *, Hind. the amplitude and 
period of this oscillation, i [3'1 em, 41s] 

' 90. The Pls: of a harmonic oscillator is zero. After the lapse 
of what fraction of the period will. the velocity of the point b 1 to. 
half its maximum velocity ? [1/6. T] Y RES en ay 1 

..91. Show. that the when a particle in S. H. M. is ata distance of 
8/8 times its amplitude, its velocity is halt the maximum velocity. 
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22. Wint is the displacement of a particle in B, EL. M. “When its 
Kinetic and potential energies are equal ? [amplitude-* J2. 


23. What is the ratio between kinetic and potential energies ofa 
articl in S. H. M. for the moments of time (i) tis, (ii) t=Zs, 


Gi) t= zs 2 ‘The initial phase of oscillation i$ zero: [8,1, 1/8] 


24. What is the relationship between kinetic and potential energies 
of a particle in &, H. M. for the moments when the displacement of the 
point from the position of equilibrium is (i) g n (ii) s= (iii) #=a, 
where a is the amplitude of oscillations. [15, 8, 0] 


25. Show that if the displacement of a particle moving at any time 
is given by an ‘equation of the form #=a cos wt +b sin ot, the motion is 
simple harmonic. If a=3,b=4 and w=2, find the period, amplitude, 
maximum velocity and maximum acceleration of the motion. ' adras) 

[Hint: Show that f— — wow] [3'142, 5,.10, 20] 


26. A particle executing an S..H. M. has a maximum displacement of 
4 mm and its acceleration at a distance of 1 mm from its mean position 
383 mms 7. What will be the velocity at a distance of 2.mm from the 
mean position ? [6 ms ^ 

97. A body executing S. H. M. has an amplitude of 10 em and time 
period of 1.^s, Calculate the time taken by the’ body to travel a 


distance of 5 /3 cm from its rest position. (Patna) [0.95 s] 


98. A steel strip, clamped at one end vibrates with a frequeney of 
20 Hz and an amplitude of 5 mm at the free end, where à small mass of 
2 g is positioned. Find (i) the velocity of the end when passing through 
the zero position, (ii) the acceleration, at maximum displacement, Gii) 
the maximum kinetic and potential energies of the mass. vi 
[0698 ms-*, 79 ms *, 89X 10-* J, 89x10^* J] 
29, A small coin is placed on & horizonal platform connected to a 
vibrator, the amplitude of which is 0,08 m and is kept 
frequency is increased from zero. At what frequency the coin’ will be 
heard chattering? Take g=9'8 ms^?.. [18 Hz). 
30. A particle is moving with S. H. M. ina straight line when. the 
distance of the particle from the equilibrium position has the values #1» 
and sq and corresponding velocities ts and ts. Show that the 
wot 
period is ules? ?)(u.* — us) d © 
91. A block is placed on a horizontal platform which is moving’ 
vertically with 8. I M. of amplitude 10 om. Above a certain 
frequency, the thrust between the particle and the platform would become 
zero at some point in the motion. What is the frequency „and; at what 
point in the motion does the particle lose contact with the DN #a 


" 
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32, A particle which is performing an. S-H.M. of period T' about the 
centre O.and it passes through a point P with velocity. v in the direction 
OP: Prove that the time which elapses before its return to P is 
(TI) tàn? (vT[97.0P). 

:88. A block on a horizontal surface is moving with an S. H. M. of 
frequency 9 oscillations per second. The coefficient of static friction 
between the block and plane js 0'50. How great can the amplitude be if the 
block does not slip along the surface ? l i [8'1 omi] 

84. The vibration frequency of atoms in solids at normal temperatures 
are of the order 10**/s. Imagine the atoms to be connected to one snother 
by springs. Suppose that a single silver atom vibrates with this frequency 
and that all the other atoms are at rest. Then compute the force constant 
of a single spring. One mole of silver has a mass of 108 g and contains 
6702 X 10°° atoms. ^ [984x107 15 dyn cm" 11 


95. An automobile can be considered to be mounted ona spring a$ 
far as vertical oscillations are concerned. The springs of a certain car are 
adjusted so that the vibrations have a frequency of 8'0 per second. What 
is the spring's force constant if the car weighs. 8200 Ib ? What will the 


vibration frequency be if five passengers, averaging 160 Ib each, ride in , 


the car ? [114 X 10° Ib wt/in, 2'8 Hz.] 
'" $6. The end of one prong of a tuning fork which executes 8. H. M. 
- of frequency 1000 per second hasan amplitude of 0'40 mm. Neglect. 
damping and find (i) the maximum acceleration and maximum speed of 
the end of the prong and (ii) the speed and acceleration of the end of the 

prong when it has a displacement 0°20 mm. 
[1'6X 10* ms^*, 15 ms^^, 22 ms™*, T9x 10° ms^*.] 


97. When a metal cylinder of mass 0'2 kg is attached to the lower 
end of a light helical spring the upper end of which is fixed, the spring 
extends by 0'16 m. The metal cylinder is then pulled down a further 
0'08 m. (i) Find the force that must be exerted to keep it there if Hooke’s 
law is obeyed. (ii) The cylinder is then released. Find the period of 
vertical oscillations, and the kinetic energy the cylinder possesses when it 
passes through its mean position. [1'0 N, 0'8 s, 0045 J.] 

98. A helical spring gives a displacement of 5 cm for a load of 500 g. 
Find the maximum displacement produced when a mass of 80g is dropped 
from a height of 10 cm on to a light pan attached to the spring. [5 om.] 


89. A test tube of weight 6g and of diameter 2 cm is floated 
vertically on water by placing 10g of mercury at the bottom of the tube. 
The tube is depressed by a small amount and then released. Find the 
time period of oscillation. (Bihar). [04597 s.] 

40. The rise and fall of the tide at a certain harbour may be taken to 
be simple harmonic, the interval between successive high tides being 
42 hr 20m. ‘The harbour entrance has a depth of 10 m at high tide and 
4 mat low tide. Find how soon after a low tide, a ship drawing 8'5 m 

can pass through the entrance. [4 hr. 6 m. 40 s] 
41, A cylindrical wooden block of cross-section 15 cm? and mass 
Og is floated over water with an extra weight 50g attached to its 


r 


'ATIONS, WAVES AND SOUND 127 


Č 
itis slightly depressed and released. . If the specific gravity of wood = 
and 9 =980 cm 37°, find the frequency of oscillation of the block. [079.] 
"49. A uniform U-tube is filled with water toa height of 30 om. 
When water level is pushed in one arm through & small” distance and 


then released, find the time period of oscillation of the water column. : 
(U. P., Delhi ) [17098 s] 


bottom. The cylinder floats vertically. From the state of equilibrium, 


tho surrounding: Tf the ball is pushed a small distance and then released, 
the ball is found to move UP and down. It the ratio of specific heats of 
tho gas is 1'4, find the period of oscillation, The atmospheric pressure is 
10° dyn/em". [0:938 
A4, A particle of mass m is attached to the mid-point of & wire of 
length J, stretched between two fixed points. Tt T be the tension in the 


p wire, find the frequency of the lateral oscillations. x T 


i ml 

z A5. Two charges +Q, +Q are placed at a distance of 2a. from each 
other. Another charge d ig at the mid-point. | Tt the charge q is displaced 

> to either of the sides, find the time period of oscillation. If the charge 7 be 

f negative and it is laterally diaplaced by a small amount, find the 


2 
oscillation: [oz al a m. ox MÀ am) 
; 4Qq peri 
t 46. . The period of vibration of & magnetic needle in the earth's 
i^ magnetic field is 9s. It is broken into two identical halves. Calculate 
T the period of vibration of each halt. Lis.) 
T 47. Ifa small magnet makes 19 oscillations per minute in a field of 
 _ 0°87 oersteds what additional field will be necessary for it to make 20 
oscillations per minute at the same p 
F 48. A straight frictionless tunnelis bored through the earth from one 
point of its surface to another. If an object is dropped into the tunnel find 
the period of oscillation of the ‘object. (g=981 oms and radius of the 
" earth =6'38 x 10* m.) (844 s) 
a 49. Itthe mass of the spring ™ is not negligible but is small 
C compared to the mass M of the object suspended from it, show that the 


period of motion is T-9* J| (fmi). 
111-2, (Vibrations) 


[A] Essay type questions : 
1. Exphin the terms periodic motion, period, frequency and. amplitude 
of vibration. Give two examples of periodic motion. 
2. What are meant by free and damped vibrations. Explain the 
nature of damped vibration with an example. 
$. Distinguish between free and forced vibrations, giving examples, 


—— 000 8 8 — 
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4. Distinguish between forced vibtütion and resonance, giving 
examples. What do you mean by sharpness of resonance ? 
[B] Short answers type questions ; 

5.. Give one example of each of transverse, longitudinal and torsional 
vibrations, $ ; 

9. When the base of a vibrating tuning fork is pressed against a 
table the intensity of the sound is' very much increased. Explain how 
this extra energy is obtained and show that the Principle of conservation 
of energy is not violated, (J.E. E. ’75) 


19. "Empty vessel sounds much'— Exploin the statement, 
1i. Why is the string ofa sonometer made ofa thin wire while 
the speaker of a, radio-receivér is made of a thick paper cohe ? i 


12. Why are damping devices often used in machineries ? 


i IIL-3. (Wave Motion 
[A]. Essay type question : th wit 
1. What do you understand by a wave? What. are ‘transverse 


and longitudinal waves ? Explain with illustrations, Compare a transverse 
Wave with a longitudinal wave. 


2. Take any material waveas an example and illustrate with its 
help what happens in wave motion as also the nature of Wave motions, 


4. What is meant by compressions and rarefractions in a longitudinal 


wave ? In which directions do particles of the medium moye in two 
Such portions of a wave ? 


4 Discuss the characteristics of wave motion, 


; 5. What is a simple harmonic wave ? What do you understand by 
the amplitude, period, time, frequency and wayelength of such a wave ? 


Find the relation between wavelength and wave velocity, 


6. Explain the terms periodic: wave and wave-form. ‘What importance 
would you attach to wave-form ? 


7T. What is meant by a plane, progressive harmonic wave ? What is 
the importance of such a waye ? 


Establish an equation for particle displáceraent in sucha waye and 
explain the meanings of the Symbols used,  . 


8. Show how the equation Y= sin 9 (:-2) and y=a sin 9x5 


GH represent twò Waves moving in Opposite directions along the X-axis, 
Explain the symbols used in equations, 


> 


— 
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9. Take any ofthe equations in the above question and show that 
displacement is repeated at intervals of time 7=1/m and distances vin. 

10. State the common properties of waves and briefly explain their 
mature. i ) 

11. What is a wave-front? How are rays and wave-fronts related ? 


[B] Short answer type questions : 

12. What advances in a progressive wave ? i 

13. What kind of motion does a particle of the medium execute in a 
longitudinal wave ? 

14. While a longitudinal wave can move through all kinds of material 
media, a transverse wave can move through only a solid. Why is it so? 

15. Where does the energy of wave motion come from ? 1 
i What relation does a periodic wave bear to a simple harmonic 
wave ; als 
17. Ata point inside a liquid medium a to and fro periodic motion 
{a disturbance) along the @-direction is impressed. Explain briefly .using 
a neat sketch how this disturbance will be propagated along the æ, y and 
z directions and the type of elasticity modulus involved in each. 

len, es UR (J. E, E. '79] 

18. Does the valocity of à wave also give the velocity of the particles 
of the medium ? | i 

19. Is an oscillation a wave ? Explain. 

20. A wave transfers energy. Does it transfer momentum ? 


[C] Numerical problems : : ó 

21. A tuning fork vibrates 200 times per second. If the velocity 
of the waves generated in air by these vibrations have a wave velocity of 
340 ms~*, what ate the periodic time and wavelength of the wave ? 

i [1/200 s, 1'7 m] 

22. Ifthe frequency of a fork vibrating in water is 954 Hz and 
the velocity of longitudinal waves in water. is 1024 ms *, how man 
vibrations will the fork execute before the waves move over 100 m ? [25 

28. A body vibrating with a constant frequency sends waves 10 cm 
long through a medium 4 and 15 cm long through another medium B. 
ne velocity of the wave in A is 90 cms *, Find the velocity of the waves 
in B. 


_ 24. What is the difference of phase between the oscillations of two 
points ata distance of 10 and 16 m respectively from the source of 


‘oscillations ? The period of oscillations is 0'04 s and the yelocity of 


their propagation 800 ms7*. j [x rad] 
25. The displacement from the position of equilibrium of a point 
4em from asource of oscillations is half the amplitude at the moment 
¢=7/4, Find the length of the wave. ^. 
.. 26. ‘The speed of electromagnetic waves in vacuum is 3X 10° ms^*. 
(Ù) Waves lengths in the visible part of the spectrum range from about 
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4X107" m inthe violet to about 7X 107" m in the red. What is the 
range of frequencies of light waves? (b) The range of frequencies for 
shortwave radio is 1°5 megacycles/s to 300 megacycles/s. What is the 
corresponding wave length range ? (c) X-ray wavelength range extends 
from about 5X 107? m to 1'0X 107** m. What is the frequency range 
for X-rays ? 
[rax 10** to 4'8X 10** Hz, 900.to.1 m,6%10*° to 8x 10*° Hz] 
27. Write the equation for a wave travelling in the negative direction 
along the @-axis and having an amplitude 0'010 m, a frequency 550 vib/s 
and a speed 800 ms^*. [o1 sin ur (800¢— «) m| 
28. A piece to cork is floating on water ina tank, When ripples pass. 
over the water surface, the cork moves up and down, What will be the 
maximum velocity of the cork if the velocity of the wave is 0'2 msi, 
wave length of the wave is 15 mm and amplitude of the wave is 5 mm ^ 
[0'42 ms7*] 


; v idol p ICT put 2) : " 
29, The equation ofa wave is y 75 sin (5 50 with lengths 


expressed in em and time in second. Find (i) wave length, (ii) amplitude, 
(iii) frequency and (iy) velocity of wave. Also calculate the maximum 
velocity and acceleration of the particle of the medium. 
[50 em, 5 em, 25 Hz, 1950 cms-*, 785'5 oms~*, 125000 ems~*.] 
90. A wave is represented by y—0'95 X 107 sin (500 ¢—0°025 «) 
where y is in em, ¢ in seconds and 7 in metres. Determine (i) the amplitude, 
(ii) the period, (iii) the angular frequency, (iv) the wave length. Find 
also the amplitudes of particle velocity and particle acceleration. 
[025 X 107* cm, (ii) 7/950 s, 500/s, 80% em, 0'125 cms~*, 695 ems~*.] 


JIL-4. (Sound Waves and Velocity) 
[A] Essay Type Questions. 
1. How would you support the statement that sound waves are 
longitudinal, elastic waves in a material medium ? 


Which elastic coefficient is concerned i the propagation of sound 
through air ? FRM an s 

2. What is the advantage of a tuning fork as a Source of sound ? 
Describe its mode of vibration, What effect does loading or filing of an 
_ arm of a fork have on its frequency ? 

9. Explain how sound waves propagate through air. 
_ 4. What is the relation between the velocity of sound in a gas and 
its pressure and density ? 


Newton did not get the correct result when he used the relation. 
How did Laplace improve the relation ? State Laplace’s argument. 


` 5. What are the effects of (a) pressure, (b) temperature, (c) density 
and (d) humidity on the velocity of sound in air? | Explain. j 
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6. What is Doppler effect? Illustrate it with an example. If the 
source advances towards an observer what will be the apparent frequency 
of the waves ? If the observer advances towards the source then what 
will be the modified frequency ? 

T. Calculate the modified frequency of the waves if both the source 
and the observer are moving. What happens when there is no relative 
motion between the source and observer ? 

8. Can Doppler effect be detected in the case of light waves ? Explain 
with examples. Mention some applications of Doppler effect in astrophysics. 


[B] Short answer type questions: 


9. The speed of sound is the same for all wavelengths—Explain. . 

10. Daring a thunderstorm, sound of thunder is heard much. after 
the lightning flash is seen —Explain. i 1 

11, Ifa sound is made at one end of a long hollow iron tube, two 
sounds are heard at the other end. Explain ; 


12. Sound waves are longitudinal in nature—give some reasons in 
support of this statament. , 

13. What are infrasonic and ultrasonic waves ? 

14, What is the special characteristic of a tuning fork ? 

15. Is there a Doppler effect for sound when the observer or the 
source moves at right angles to the line joining them ? i 


16. A satellite emits radio waves of constant frequency. - Describe 
how the sound changes as the satellite approaches, passes overhead, and 
recedes from the detector on the ground. | 

17. Why isa tuning fork made with two prongs ? | Would a tuning 
fork be of any use of its normal purpose if one of the prongs is 
sawn off ? f ; j 

18. How is it that we can hear the sound of coming train distinctly 
by applying one ear on the railway line, but we cannot hear the same 
sound through air ? š 

19. Ina sports-meet, the timing of a 100'm straight dash is recorded 
at the finish point by starting an accurate stop watch on hearing the 
sonnd of the starting gun fixed at the starting point. When will the time 
recorded be more accurate, in summer or in winter ? 


20. The velocity of sound is generally greater in solids than in gases 
at N..P, Why ? rid d 


21. "What would you hear if you were to move away from a source of 
sound with the speed of sound ? ^ : 


22. Why the vibration of a simple pendulum is not audible to the 
human ear? But that by mosquito or fly-wings are? 

23. Write down the expression for the velocity of sound in terms of 
¥.m.8. velocity of gas molecules. ; 


132 A TEXT BOOK OF PHY tog 


[C] Numerical problems: 


24. Calculate the velocity of sound in air at N.T.P. ( the ratio of 
specific heats for air=1'4 ; density of air at N.T.P.=0'001293 g/em?). 
[8825 mg71] 
^, 25. . Young's modulus for steel is9'14 x 102? dynem"* and its density 
is T8gcm^?. Pind the velocity of propagation of. sound through a 
‘steel bar. How would the temperature of the bar affect the result ? 


26. If the root mean square velocity of the molecules of a diatomic 
gas is 461 ms", find the velocity of sound, (y=1,41) [315 ms~*] 


earth’s surface if the sound produced by an explosion at an altitude of 
21 km is detected 6°75 s after that produced by an explosion at an altitude 
of 19 km. (velocity of sound at N.T.P. +830 ms^1) [—55^0] 


28. Caleulate the velocity of sound in air at 10° when the pressure of 
the atmosphere is 76 cm. The velocity of'sound in air at N.T.P, 


=339'5 ms-1 [338'6 ms~*] 
^ | 29, Assuming that the velocity. of sound in air at N.T.P. is 1080 ft/s, 
find the velocity at 50°C and 70. erm pressure, [1185 ft «^ 1] 


30. The wavelength of the note emitted by a tuning fork of frequency 


Bind the velocity of sound in Iron, assuming that the velocity of'sound in. 
air at N.T.P, is 3395 ms, t [3161 ms^1] 


93. ^A stone ig dropped into & well 784 m deep. 4'98 s later the 
Sound of the stone Splashing the water is heard. Calculate the velocit: 
of sound. Take g=980 emg^?, [841 ms 1 


heats of argon and carbon dioxide are $ and 8 respectively. [ 11/8] 


ais 95. : A stone is dropped from the top of a tower and the sound is 
‘heard 4'4 s laten + Find the height of the tower, Velocity of sound in 
&ir—1000 fts-?, g=39 ftg t, (H. S. 79) [979°9 tt.] 


36. Two trains are travelling towards each other at spéeds of 
72 kmh^* and 54 kmh=2 pectively, "The first train whistles emitting 
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a sound with a frequency of 600 Hz, Find the frequency of the sound 
which can be heard bya passenger in the second train (i) before the 
trains meet, (ii) after the trains pass, The velocity of sound is 
340 ms™*, [666 Hz; 549 Hz] 


97. Aman on a seashore hears the hooting of a ship. : When neither 
is moving, the sound has a frequency of 420 Hz, n the ship moves . 
towards the man, the frequency of sound he hears is 430 Hz. When the 
ship moves away from the man, the frequency is 415 Hz. Find the Speed 
of the ship in the first, and second. cases if the velocity of sound is 
388 ms, [288 kmh^ *, 14'7 kmh: *] 


38. A bullet flies with a velocity of 200 ms^*, How many times 
will the height of the tone of its whistling change for a man standing 
still, past whom the bullet flies ? ‘The velocity of sound is 330 are ; 

4 times 


39. A bat flies perpendicular to a wall with a speed’ of.6 ms~* 
emitting an ultrasonic sound with a frequency of 4/5X10* Hz, What 
two frequencies can be heard by the bat and why ?' The velocity of 
sound is 840 ms *, ^7 [4°60 10* Hz,.4'66X10* Hz] 


40. A motor car is fitted with two horns, which differ in frequency 
by 298 vibrations per second, If the car sounding both the horns is moving 
at 30 m.ph. towards a person, who is at res, calculate the ‘change in 
difference in frequencies of the notes heard by him. (velocity of sound 
in air is 1120 fts.) j bid: NM 299 c.p.s.] 


à 4l. A policeman on duty at a crossing challenges a motor driver for 
crossing the speed limit of 72 kmh * by detecting a change of 20 
: vibrations in the horn noteof frequency 198 as the car passes him. Is 
the policeman correct ? (velocity of sound —330 ms~+) , 

; [Yes, the car crossed the speed limit,] 


42, The whistle ofan engine moving at 30 mi/br is heard by a: 
motorist driving at 15 mi/hr and estimated to have a pitch of 506. What 
must be the actual pitch of the whistle to the nearest whole number when 
(i) the two are moving in opposite directions but approaching each 
other, (ii) the two are moving in the opposite directions but away from 
each other, (iii) the two are moving in the same direction, the motorist 
ae behind the engine, (iv) the two ge pice: ip HM Power 

e motorist. bein, ead of the engine. ity of so S ants. 
Uu) Vk Ie MM EUM. LATS, 588, 509, 491 Ha] 


43. A vibrating tuning fork, tied to the end of a string 6 ft long, is 
whirled round in a circle,’ I$ makes 120 revolution per minute, Calculate 
Qe difference of the frequency between the yi home the riui pe 
heard by an. obse Situated: in. plane rotation, Velocity o; 
Sound =1100 im- ddp. Gn. qm (Bombay? [001877] 


44. A spectroscopic examination. of light from a certain stor shows 
that the apparent wavelength of a certain spectral line is 5001A, whereas. 
the observed wavelength of the same line produced by a terrestrial gource 
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50004. In what direction and at what speed do these figures suggest that 
the star is moving relative to the earth? — 

[Receding with a velocity of 6X 10° cms"*] 

45, Could you go through a red light fast enough so as to have it appear 


green ? Would you get a warning for speeding ? (Wave length of red and | 
green light are 6800 X 107° om and 5400X 107? om respectively and speed 


of light= 3 X 10*° ems") [No.] 
Ili-5. (Reflection, Refraction, Diffraction) 


[A] Essay type questions : 
.q. What geometrical laws of reflection do sound waves obey ? What 
is the disadvantage of demonstrating these laws 2 

State any practical application of reflection of sound, 

9. What is an echo? To hear to echo ofa sound clearly, the 
reflector must be at a minimum distance. Why is itso? How can you 
measure the depth of water with echoes ? 

8. Distinguish between reflections and reverberation of sound. Give 
an example of reverberation and state how it is caused, | 

4. What are the geometrical laws of refraction ? Why do we say 
that in the case of sound, air is an acoustically denser medium than | 
water ? 

[B] Short answer type questions : ; 
| O5. A sound emitted from the bank of a river at night can be hear 

farther on the water than a similar sound emitted in the day time. 
Explain why. 

6. When there is a wind, & sound is carried farther down the wind 
than in the opposite direction. Example why. ` 

What relation has this phenomenon with the refraction of sound ? 

7. Why does the sound is an empty hall appear louder than when 
filled with people 2 | 

8. Why can’t we hear echo in small rooms ? 

9, How is reverberation minimised in a modern cinema hall ? 
= 10. Is it always true that a reflected sound has the same frequency as 
the original direct sound ? 

1l. The wall of a room can reflect sound waves but not light waves ; 
on the other hand a small mirror can reflect light waves but not sound 
waves, Explain why. 

12. Why do we hold our palm in a curved fashion near to 
catch a sound distinctly 2: ena 

48, Why are the roofs of public auditoria meant for meetings bent 
like arches ? 

14. The music reproduced by a loudspeaker is not natural to | 
if A listener is situated well off irom the axis of the federe. Berini a 
why j 


; Whee | | 
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15. Why does the sound of thunder is rumble and rolling ? 


16. Explain the kind of sound waves necessary for revealing minute 
details of the ocean bed by depth sounding method. (J. E. E. '75) 
[C] Numerical problems : 

17. A explosion occurred under water and at the same moment a 
siren was sounded from a ship. The ship was 3850 ft. away from a 
mountain. If the velocity of syund in-air be 1100 ft s7*, find the time of 
hearing the echo, If the echo in water is heard after 11/7 s, find the 
velocity of sound in water. [7S, 4900 1t s7*] 

18, A man runs towards a cliff at the rate of 4ms~* and fires his 
pistol, At the instant of firing the man is 249 km away from the cliff. 
Hind when and where the man will hear the echo. [1488 s, 2480°72 m] 


19. The velocity of sound in air is 840 ms7* and that in water is 
1500 ms~?. What will be the critical angle of refraction from air to 
water ? : : 18° nearly] 

90. An engine approaching & tunnel whistles and the driver hears 
an echo after an interval of 20 s. Ten minutes later the echo is heard 
after an interval of «6s. How far is the engine now from the tunnel 
and what is its speed ? Velocity of sound in air=832 ms" *. 

[26651 m, 1'11 ms] 


99. An echo repeats 4 syllables. Find the distance of the reflecting 
surface if it takes 1/5th ofa sound to pronounce and hears one syllable 
distinctly. ‘The velocity of sound is 1190 tvs", (Pat. Univ.) (448 ft.] 

93. From a vertical cliff two men stand at equal distances. The 
distance between the two men is 300 ft. One man fires his pistol and the 
second man hears the direct sound after ts and the reflected sound after 
Qts. If the speed of sound is 1100 ft $^, find the distance of separation 
of the men from the cliff. i {260 tt.) 

94, A rifle shot is fired in a valley between two parallel mountains. 
The echo from one mountain is heard after 2s and the echo from the 
other mountain is heard 2s later, What is the width of the valley? Is 
it possible to hear the subsequent € Ma M tpe 

i int? If go, after what time LT. 
simultaneously at the same polni i [1080 m, possible, 6 s] 

25. Some explosives are kept at a depth of z from the sea level. “At 
the same level but à certain distance away, & hydrophone is kept. . When 
the explosives burst, the hydrophone receives two sounds, after intervals 
of tı and ta from the time of explosion. Show that the depth of the 


ocean is @ uH -t,? n] where v is the velocity of sound in water. 


96. Find the refractive index of the second wave on the bound: 
between air and glass, Young's modulus for glass is 69x 10"° Nim®, 
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`. the density of glass 2'6 g om^?, and the air temperature is 20°C, 
' (Velocity of sound in air=340 ms~*) [0067] 
.-' 97. What is the depth of a sea measured by means of an echo 
sounder if the time between the moments the sound is produced and 
received is 7/'ó s? The coefficient of compression of water is 4°6 x 10719 
m*[N and the density of sea water is 1080 kg m^?. [1810 m] 


IIL-6, (Superposition of waves) 


[A] Essay type questions : i 

1. What is meant by the principle of superposition of waves? 
Describe two phenomena whieh are due to superposition of two sound 
waves. 

2, What are beats? What conditions must be fulfilled so that beats. 
may be heard clearly ? 

How do beats enable one to determine the frequency of a fork ? 

8. Show that the number of beats per second is equal to the 
difference of frequencies of the superposed sound waves. 


4. What are stationary waves? Describe their characteristics, 


Compare stationary and progressive waves. 

5. Calculate mathematically the positions of nodes and antinodes in a. 
Stationary wave. 

6. Under what circumstances are stationary waves formed ? Describe: 
an experiment to demostrate stationary waves. : 

7. What is interference of waves? Give an example of the 

interference of sound wayes. : 
- [B]. Short answer type questions : 

8. Two identical tuning forks emit notes of the same frequency.. 
Explain how you might hear beats between them. 

9. How a stringed instrument is ‘tuned’ ? 

10. How are beats utilised in detecting poisonous gas in a mine ? 

11. What are the conditions that must be satisfied for clear audibility 
of beats? ; 

12.. Distinguish between the formation of an echo and the formation 
of a, stationary wave by reflection, explaining the general circumstances. 
in which each is produced. 

13. Explain the conditions necessary for the creation of stationary 

Waves in air, ^ 
14. Mention the difference between a progressive wave ‘and a 
‘stationary wave, (H. S. ’82): 
p 16. If the two waves differ only in amplitude and are propagated in 
Opposite directions through a medium» will they produce standing waves ? 
Are there any nodes ? ‘ : ) 
a When two waves interfere, does one alter the progress of the: 


b 


i 
` 
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17. When waves interfere, is there a loss of energy ? 

18. What are the conditions necessary for interference of waves ? 

19. Why don’t we observe interference effects between the light 
beams emitted from two flashlights or between the sound waves emitted 
by two tuning forks ? 


20. Two sound waves of amplitude 5 and 2 cm and frequencies 100 and 
102 Hz travel in the same direction. Discuss the experience of an observer 
receiving these waves. 


21. In a two-slit experiment using blue light, state the effects. the 
following produce on the appearance of the interference fringes: ` 
(i) The separation of the slits is decreased, 
(ii) The screen is moved closer to the slits. 
(iii) The source is moved closer to the two slits. 
(iv) Red light is used in place of blue light." 
(v) One of the two slits is covered up. —' 
(vi) The source slit is made wider. 
(vii) While light is used in place of blue light. 
22. A ringing sound is heard when a sharp sound is produced near a 
flight of stone steps—why ? _ RA 
[C] Numerical problems.: ) 
98. A tuning fork of unknown frequency makes three beats per 
Second with a standard fork of frequency 384 Hz. The beat frequency 
decreases when a small piece of wax is pub ona prong of the first fork. 
What is the frequency of this fork ? . [887 Bz.] 
24. A source of sound of frequency 1000 vibrations per second moves 
away from you toward a cliff at a speed of 10 ms *. | (i), What/is the 
frequency of the sound you hear coming directly from the source? 
(ii) What is the frequency of sound you hear xeflected of the cliff ? 
(iii) What beat frequency would you hear? (Speed of sound in air is 
830 ms^?.) [970 vib/s, 1080 v/s, zero] 
25. A source S and a detector D of high-frequency waves are at a 
distance d apart on the ground. The direct wave from S is found to be 
in phase at D with the wave from S that is reflected from a horizontal 
air layer at an altitude H. The incident and reflected rays make the same 
angle with the reflecting layer. "When the layer rises a distance /, no 
signal is detected at D, Find the relation between d, h, H and the 


wavelength A of the waves. [12 VIAF 4 d — 2 V gr ra 


26. An engine approaches a bridge at 10 ft g^ while sounding a 
whistle of frequency 500 Hz, The sound is reflected from the bridge. 
Caleulate the frequency of the beats heard by a stationary observer behind 
the engine. Velocity of sound=1100 16877.) .- [9 beats per sec.] 

97. Sound waves from a tuning fork reaches an observer by. two 
different paths, When one path is greater than other by 17 em, no sound 
is heard by the observer. When the path difference is 34 em, sound is 
heard by the observer and when 51 cm nosound and soon, Explain the 
phenomenon and find the frequency of the fork if the velocity. of y: an 
air is 340 ms"? SER MEI EU 


V. W.S—10 
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98. Sound waves from a vibrating body reach a point by two paths . 
When the paths differ by 8 om or 24 om, there is silence at the point. 
Calculate the frequency of the body if the velocity of sound in air is 
889 ms™*. [2075 Hz] 


99. A tuning fork of unknown frequency when sounded with another 
of frequency 256 Hz gives 4 beats and when loaded with a certain 
amount of wax, it is again found to give 4 beats. Find the unknown 
frequency. (LLT.'74) [260 Hal 


80. A set of 65 tuning forces is so arranged that each gives three 
beats per second with the previous one. Between the first and the last 
stands the octave of the first. Find the frequencies of the first and last 
forks. [192 ; 884 Hz] 


81. A sound wave of frequency 165 is incident normally on a wall 
and retraces its path on reflection. At what distance from the wall, the 
amplitudes of vibration of air particle will be (i) maximum and (i 
minimum. Velocity of sound in air=830 ms~*. 

[nodes will be at the distance of 0, 1, 2, 8 meters and antinodes 
at distances 0'5, 1'5, 2'5 etc. frym the wall.] 


89. Three tuning forks of frequency n+4,n and n—4 respectively 
are sounded together. Assuming their amplitudes to be equal, show that 
the number of beats per second produced by them is 4. 


83. Ina Young's slits experiment the Separation of ten bright fringes 
is 75 mm when the wavelength used is 6200 A^. The distance from the 
slits to the screen is 80 cm. Calculate the distance between the two 
slits. [0'8 mm] 

94. Two slits are 0'3 cm apart and are illuminated by a source of 
wavelength 5900 A°. Fringes are obtained at a distance of 80 cm from 
the slit. Find the width of the fringes. [00059 cm] 

$ 35. A sharp tap made in front ofa flight of stone steps produce & 
ringing sound. If velocity of sound in air is 8830 ms^^ and each step i 
16°5 om deep, find the frequency of sound. [1000 Hz 


IIL-7. (Light waves) 


[A] Essay type questions : : 

_ 1. What reasons can you give to show that light isa kind of wave ? 
Give a rough value and, as far as possible, an accurate value of velocity 
of light in vacuum. 


2. What vibrates in light waves ? Does light require any material 
canoe for propagation ? 

. What is meant by polarization of waves ? Briefly explain how 
polarization decides’ whether a wave is longitudinal or EES 
which of these kinds do light waves belong ? Why do you think so ? 

4. If light is a kind of wave, and waves have the general property of 
= round Board zo AG accepti the results of geometrical 
: Geometrical optics is based on the assumpti i ls 
in straight lines in à homogenous medium. n cerea qup 
[B] Short answer type questions : 

5. Does light waves require any material medium for transmission ? 
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6. What is it that vibrates in light ? 
7. What are the essential similarities and dissimilarities in the 


properties of light and sound waves ? 

8. What are the basic similarity and dissimilarity between light 
waves and radio waves ? 

9, What is the importance of determination of velocity of light ? 

10. Light waves can be polarized. Can sound wayes be ? 

11. Tf light can bend around an obstacle (diffraction), why can't we 
see around a wooden partition ? 


ITI-8. (Physiological sound) 


[A] Essays type questions : X 

1. Distinguish between musical sound and noise. What are the 
characteristics of musical sound ? Define them: Are they physical 
quantities ? l 

9. State with what physical characteristios of a sound wave the 
‘loudness, pitch and quality of a musical note are principally concerned ? 

3. Explain olearly the terms note, tone, fundamental, overtone and 
harmonic. 

4, Distinguish between pitch and frequency of a note. 

5, Distinguish between loudness and intensity of sound wave. 

[B] Short answer type questions : 

6. Is it true that a tuning fork emits musical sounds ? 

7, Explain why a musical sound can not always be 
clearly from a noise. 

8. Does intensity of sound depend upon the medium ? : ; 

9. What are the factors that makes the voice of your one friend from 
that of the other different ? How can you explain the roar of a lion) and 
buzzing of a mosquito from the point of view of the characteristics 
sound ? [J. E. E. 172] 


10. How does the same notes from different musical instrument 
differ ? (LI. T. '70) 


1L All harmonies are overtones but all overtones are not harmonics 
—Hxplain the statement. 

19. When a saw starts cutting a log a high-pitched sound is produced, 
but the pitch falls as the saw cuts into the wood—Explain why ? 


18. Why does the loudness of a sound decrease as the listener moves 


away from the source ? F : 

14, Higher pitch means smaller wavelength —Explain. 2 

15, Even a blind man can be easily identify the sound coming from 
à violin and piano although the tunes have the same pitch and loudness 
—How ? j 

i6. To hear the voice of a person over a telephone we bring our eass 
in contact with the earpiece of the telephone but the sound of a loud- 


speaker can be heard from a great distance—Hxplai 
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17. Discuss the factors that determine the range of frequencies in | 
your voice and the quality of your voice. [| 

18. What is the nature of the wave motion in which (a) the ampli | 
tude is same at all points, but the phase varies with position, (b) the 
phase is same at all points, but the amplitude varies with position ? 


IIL-9. (Vibration of strings) 
[A] Essay type questions : 


1. Derive an expression for the velocity of transverse waves along a 
stretched string. 


2, Ifa string under tension is fixed at both ends, how will stationary | 
waves be formed in it ? 

Tf such a string vibrates in one or more segments what will be the 
relation between the frequency, the length of the wire, its tension, etc? 
Write the relation in the form of an equation and explain it. 


What is meant by the fundamental frequency of a vibrating wire? 
What is meant by harmonics ? : 

3. State the laws of transverse vibration of strings. | 

Describe a sonometer. How would you verify experimentally the laws — 
of transverse vibration of strings with its help ? 


4. How would you compare the frequencies of two tuning forks bya 
sonometer ? 


[B] Short answer type questions : 


5. Zis the length of a string under tension, m is an integer —1, 2,3 
ete. What harmonics will be present in the vibrating string if l/m isa 
(i) node, (ii) antinode ? 

6. If the diameter of a vibrating string is doubled, material and 
length remaining the same, what change should be made in the tension 
to keep the frequency the same ? 

7. What purpose do the holes in sonometer's sides serve ? 

8. Why is the sonometer box made hollow ? 


9. How are the vibrations of the fork transmitted to the wire in 9 
Sonometer ? 


10. At what point should a stretched string be plucked to make its 
fundamental tone most prominant ? 


ll. A string is struck at the midpoint. Explain what harmonic 
will be present and which are absent. 


19, Why isa stringed musical instrument ted on a hollow 
SCA eh mounted on a 


13. Explain how by touching lightly at suitable points, the quality 
of the sound emitted by a vibrating string can be modified. 


14. How the fundamental frequency emitted by a stretched string 


will be modified if (i) iflength is doubled, (ii) if tension is increased 


four times, 
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[C] Numerical problems : 


15. A50cm long wire weighs 1'25 g. lts tension is 25 kg. What 
will be the frequency of a fork in unison with the wire ? [319 Hz.] 


16. A stretched wire is 30 em long and 0°02 om in diameter. Its 
fundamental frequency is 200 Hz. Another wire of the same material 
and tension is 20 cm long and 0'095 cm in diameter. What is the 
fundamental frequency of the second wire ? [240 Hz] 

17. When the length of a stretched wire under the same tension is 
70 or 55 cm, it produces 6 beats per second with a given fork. What is 
the frequency of the fork ? [174 Hz.] 

| 18. Two tuning forks produces 4 beats per Second. They are 
respectively in unison with stretched wires of lengths 96 and 97 cm, their 
material, diameters and tension being the same. What are the frequencies 
of the forks ? [384 Hz, 388 Hz. 
19. The diameter of a steel wire is 120 mm. If the velocity of 
sound wave in the string is 60 ms~*, find the tension, Density. of steel. 
=77 gm em". [2/992 kgf] 
90. A rope weighing 0'05 kgm™* is stretched at a tension of 245 N 
between two points 80 m apart. If the rope is plucked at one end, how 
long will it take for the resulting disturbance to reach the other end ? 
[0:43 S.] 
91. An addition of 94 kg to the tension of a string, changed the 
frequency of the string to three times the original frequency, What: was 
the original tension ? (Calicut '75) [3 kegf.] 
29. A wire under tension vibrates with a frequency of 450 Hz. 
What would be the fundamental frequency if the wire were half as long, 
twice as thick and under one-fourth the tension.  (P, U. [225 Hz.] 
93. A sonometer wine 100 cm long resonates with a certain weight. 
On adding 100 g to the weight the length was increased by 2 cm in order 
to restore the tuning. What is the initial weight in the ? 
(Deli). [4975 ket] 
94. A wire 100 cm long and of mass 1 g is making 256 vibrations per 
Second under a tension supplied by a brass weight hanging vertically. On 
immersing the weight in water the vibrating length of the wire has to be 
shortened by 5 cm to regain its original pitch ? What is the density of 
brass ? (Mysore '75) [10723 g om” *] 
95. . Four violin string, all of the same length and ‘material, but of 
diameters in the ratio 4 : 8: 2: 1 are to be stretched so that each gives a 
note whose frequency is 3/2 tinies that of the preceding string. If the 
stretching force of the first string is 2049 kgf, caloulate the tension in 
the other strings. [27599 kgf, 2592 kgf, 1 458 kgf] 
96. Tho length of a sonometer wire is 1 mand the tension 5 kgf. 
By how much should the length be altered to keop the feiner 
unchanged if tension be increased by 0'2 kgf ? (Mysore ut MU un 
97. In Melde's experiment when the tension is 100 g. and, we tor 
vibrates at right angles to the direction of the string, the latter is thrown 
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in four segments. If now the fork is set to vibrate along the string, find 
what additional load will make the string vibrate in one segment. 
; ; (Vikram. ) [300 gi] 
98, A thin steel wire has been stretched so that its length is 
increased by 1%. If the distance between the bridges is 100 cm, calculate 
the frequency of the wire. Young's modulus of steel— 2'0 X 10*? dyn 
- om" and density =7'8 g em ?. (Allahabad) [2525 Ha 
29, A wire 100 cm long and of mass 1g vibrates with a frequency 
of 256 Hz under a tension supplied by a brass weight of density 8'7 g.cm™ 
hanging vertically, On immersing the weight in water, the vibrating 
length of the wire has to be shortened to maintain the same frequency. 
Calculate the length of the vibrating wire. [94°08 cm.] 


80. A steel wire 0'8 mm in diameter is fixed to a rigid support at one 
end and is wrapped round a cylindrical tuning peg 5 mm in diameter at 
the other end, the length of wire between the peg and the support being 
60 em. Initially the wire is straight under a negligible tension. What 
will be the frequency of the wire if it is tightened by giving the pega 
quarter of a turn? Density of steel=7800 kg m^? and Young's modulus 
2X 1011 N m~’, [9411 Hz] 

81. Two similar wires vibrate transversely in unison. When the 
tension in one is increased by 2°01 per cent and two wires vibrates 
simultaneously, three beats are produced per second. Find the original 
frequency of vibration of the two strings. (C. U.) [800 Hz] 

82. Two 60 em long identical sonometer wires are stretched by the 
Same tension to give a note of frequency 800. By how much should the 
length of one of them be altered to give five beats per second ? 

(Gorakhpur) [00109 m.] 

88. A movable bridge divides a sonometer wire into two parts which 
differ in length by 1 cm and produce 4 beats per second when sounded 
together. . If the whole length of the wire is 100 em, find the frequencies 
of parts. (Delhi) (202 Hz, 198 Hz] 

94. The movable bridge of a sonometer is adjusted so that 4 beats per 
second are heard when the string is sounded simultaneously with a tuning 
fork. The length of the vibrating portion of the string is found to be 60 
em. When the bridge is moved so as to lengthen the string by 1 om: 
4 beats per second are again heard. What is the frequency of the fork ? 

a [484 Ha] 

» A certain tuning fork is found to give 2 beats per second in 
conjugation with a streched string vibrating transversely under a tension 
of either 10°2 or 9'9 kgf. Calculate the frequency of the fork. [968 Hx] 


86. A wire having a density of 0.05 gm em"? is stretched between 
two rigid supports with a tension of 4'5 X 10" dynes. It ry observed that 
the wire resonates at a frequency of 490 Hz. The next higher frequency 
at which the same wire resonates is 490 Hz. Pind the length of the 
d i sio (LL T.'71) [9148 om.) 

., À sonometer length 76 om is maintained under a tension 
of 40 N and an alternating current is passed through the wire A horse- 
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shoe magnet is placed with its poles above and below the wire at its 
middle point and the resulting forces set the wire in resonant vibration. 
If the density of the material of the wire is 8800 kgm~* and the diameter 
of the wire 1 mm, find the frequency of the alternating current, [50 Ha] 


93. Two wires of radii r and 2r respectively are welded together end 
to end. The combination is used as a sonometer wire and is kept under 
tension T, the welded point is midway between the two bridges. What 
would be the ratio of the number of loops formed in the wires such thot 
the joint is a node when stationary vibrations are rl in the wires. 


39. A uniform circular loop of string is rotating clockwise in the 
absence of gravity. The tangential speed is to. Find the speed of the 
waves travelling on this string, [vo] 

40. "Two ends of a wire are rigidly fixed to two clamps lapart, The 
cross-section of the wire is A, tension T, Young's modulus Y and the 
coefficient of linear expansion is x. If the temperature of the wire is 
decreased by 6°, how many times will the frequency increase ? 


fo] 


produced if the note of the higher pitch has a frequency of 860 per 
second. (L I. T.'68) [10 per second-] 


49. It the fundamental frequency of a string 60 om long is n, where 
would you place a bridge under the string to produce notes of frequency 7, 
for one part and Mg for the other, so that the intervals from n to nm, and 
from n, to na shall be the same. (Lond, Univ.) [971 em from one end.] 


48. A uniform rope of length 12m and mass 6 kg hangs vertically 
from a rigid support. A block of mass 9 kg i$ nbtached to the free end of 
the rope. A transverse pulse of wavelength 0°06 m is produced at the 
lower end of a rope. What is the wavelength of the when it 
reaches the top of the rope ? Li.) [019 m] 


A4. A steel wire of length 1 m, mass ('1 kg and of uniform cross- 
sectional area 107% m? is rigidly fixed at both ends. The temperature of 
the wire is lowered by 20°C, If the transverse waves are sot up by 
plucking the string at the middle, calculate the frequency of fand 
DERIESOERT am a 
-]' t g's us= m 

S E T LT. '84) [11 Ha) 

Ab. The ends of a string are rigidly fixed. If the temperature of the 
string ell by 10°0, olla tho cbange in teen fron Aa following 
ata : } | 

Area of cross-seolion of the string = 001 om”, Coefficient of linear 
expansion of the material of the string * 10 X 107 */^0. Pie 

Young's modulus of the material of the string 20 X 10** dyne/om*. 


EN 
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Tf this causes the frequency of transverse vibration of do MM 
i to double its previous value, what was the original tension ; 
[dd (J. E. E. '80) [32 x 10^ dyne, 10°67 X 105 dyne] | 


IIT-10. (Vibration of air column) 
[A] Essay type questions : 


1. Find the possible frequencies of an air column in a closed pipe, 
Show that only odd harmonics can be present. 


2. Find the possible frequencies of an air column in an open pipe 
Show that all harmonics, odd and even, can be present. 


3. Describe the nature of vibration of an air eolumn in a closed and 
open tube when each emits the fundamental, 


How will the frequenoy of the fundamental change when one end of 
_ an open tube is suddenly closed ? 


4. Compare the modes of vibration of air column in open and olosed 
tubes of the sume length. 


5. We speak of Wavelengths in connection With the vibration of an 
air column in a closed or open pipe. 


Explain which progressive or stationary waves these wavelengths 
refer to. 


5. How would you determine the Velocity of sound in air with the 
help of a closed tube and a fork of known frequency ? Is it the value in 
air and at 0°0 ? Tf not, what are the conditions of temperature and 
moisture at which the value has been determined ? 
[B] Short answer type questions : 
7. Discuss the Slate; 


ment that the vibrations of an air column are 
stationary vibrations, 


in unison with a fork, Why should beats appear between the sources as 
D tube is heated gradually? How will the number of beats be affected 
i ? 


9. How do the air layer vibrates on two Sides of (a) a node (b) an 
antinode in the air column of an open tube ? 


10. How the frequency of the fundamental be changed if the 
temperature of the tube increases ? 


ll. How the frequency of a note from 9 pipe be changed if a wider 
Pipe is used ? } 


12. The bugle has no valves, How then éan we sound different notes 
On it? To what notes is the bugler limited ? Why ? 

18. A tube can act like an acoustic filter, discriminating against the 
passage through it of sound of frequencies different from the natural 
frequencies of the tube. The muffler of an automobile is an example. 
Explain how such a filter works. How 


: can we determine the cut-off 
frequency, below which frequency sound is not transmitted ? 


i en) Rene a ende Lu ce T 
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14. Ifa pitcher is filled with water in the dark it can be easily said’ 
whether the pitcher is full, by hearing the sound—Hxplain. 


15. Why a sharp sound is emitted when we blow through the hole 
of a key ? 

16. What will happen if one mouth of an open organ pipe is suddenly 
closed ? 

17. How will the pitch of an organ pipe be affected with change of 


humidity ? 
18. Sound emitted by an open organ pipe is more musical than that 
emitted by an organ pipe closed at one end—Bxplain. (H. S. '60) 


19. What is the relation in the fundamental frequencies emitted by 
an open tube and a closed tube of same length 2 


90. Draw the wave pattern set up in a resonance tube open at both 
ends when the length of the tube is equal to the wave length and also- 
when the length is 3/2 times the wave length. (J. E. E.) 


21. Why does an open pipe emit a note an octave higher than the 
fundamental when it is blown vigorously ? 

99. How will the frequency of fundamental emitted by an open: 
organ pipe change if one open end is partially closed ? ! 

98. What is the ratio of the lengths of an open and a closed pipe 
when the frequencies of the fundamental emitted by them are identical ? 

24. Explain what will happen to the pitch of the fundamental, note: 
emitted by an open organ pipe when air is replaced by CO; ? 

95. What is end correction ? Why it is necessary ? 


[C] Numerical problems : 


96. The air column in an open tube emits a fundamental note of 
frequency 956 Hz. If the velocities of sound in air and in coal. gas be 
respectively 350 ms^* and 500 ms *, what will be the frequency of the 


fundamental and its wavelength when the tube is filled with coal gas ? 
[366 Hz, 1°37 m.] 


97. A tube 100 om long and 2 cm in diameter, is completely full of 
water. A fork of frequency 510 Hz is sounding near its upper mouth 
white water is being gradually let out at the bottom. The velocity of 
sound in the air of the tube is 340 ms7*. Explain why there will be 
resonance when the air column is about 17 cm, 50'6 cm and 83'6 cm 
long. 
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28. An open organ pipe has a length of 2 m. Neglecting end- 
corrections find the freqnency of its fundamental and first overtone when 
it is (a) open, and (b) closed at one end, taking the velocity of sound in 
air as 840 m/s, (85, 170 ; 42°5, 127°5 Hz.] 

29. Calculate the resonance frequencies of air at 25°C and 750mm 
of Hg in a narrow pipe one metre long and closed at one end. Ratio of 
sp. heats of air=1°4 and density of air at N. T. P. —0'001993 g cm^?, 

(Mysore '74) [86°5, 959'5. 489°5...Hz.] 

80. A closed pipe, 25 cm long, resounds when full of oxygen, to a 
given tuning fork. Find the length of a closed pipe, full of hydrogen, 
which will resound to the same tuning fork. Velocity of sound in oxygen 

=820 ms^* and that in hydrogen = 1980 ms~*. (Mysore) [100 em.] 

31. Two narrow organ pipes of the same length, but one closed and 
the other open are sounded together. If the second overtone of the closed 
pipe differ by 150 vibrations per second from the first overtone of the open 
pipe, calculate the fundamental frequency of the closed pipe. [150 Hz.] 

82. Two closed pipes of the same diameter produces notes which are 
an octave apart. If lengths of the pipes are 62 and 30 cin respectively, 
what is the end correction of the pipes ? [1 cm] 

33. A closed brass pipe emits a note of frequency 256 at 0°C. What 
will be the frequency of the note, if the temperature rises to 27°C? 
Co-efficient of linear expansion of brass =1'85 X 107* per °C. (Madurai '75) 

[268H z] 

84, Ifthe pitch of the note emitted from a metal organ pipe is to be 
independent of temperature show that the ratio of the cubical expansion 
of air to that of the metal is 9/9. 

95. A train of sound waves of amplitude 0'001 om is propagated along 
à narrow pipe, and is reflected without loss of amplitude from the open 
end. Ifthe wavelength is 86 om what is the amplitude of vibration at & 
point 88 em inside the pipe ? [0001783 cm.] 

36. The shortest length of a resonance tube closed at one end which 
resounds to a fork of frequency 256 is 30'0 cm. The corresponding length 
for a fork of frequency 480 is 19'0 om. Calculate the end correction for 
‘the tube and the velocity of sound in air, [8'57 om, 395 ms^*.] 

87. A tuning fork A is in resonance with an air column 32 om long 
"and closed at one end. When the length of this air column is increased by 
1 em, it is in resonance with another fork B. When A and B are sounded 
together, they produce 8 beats per second. © Find the frequencies of the 


forks, (264, 256 Hz.] 
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38. Two closed pipes give 4 beats per second when sounded together 
at 15°C. Calculate the number of beats at 40°C, Velocity of sound in 
air at 0°C is 332 ms**. j [4'2 per second.] 

99. A string 25 cm long and having a mass of 9'5 gis under tension. 
A pipe closed at one end is 40 cm long. When the string is set vibrating 
in its first overtone and the air in the pipe in its fundamental frequency, 
8 beats per second are heard. Tt is observed that decreasing the tension 
in the string the beat frequency decreases: If the speed of sound in air is 
390 ms", find the tension in the string. (L L T. 89) [27°04 N.] 


40, When the tuning fork and & column of air are sounded together 
they produce 4 beats per second at 15°C, the fork giving the lower note. 
When the temperature falls to 10°C, 8 beats per second is produced. Find 
the frequency of the fork. [108 Hz.] 

41, A certain organ pipe at 15°0 is in unison with a steel wire of 
diameter 0°50 mm Vibrating transversely in its fundamental mode under a. 
tension of 5 kgf, the vibrating length being 34'6 om. Describe and explain. 
what will be heard if the temperature of the air in the pipe rises 20, 
other conditions remaining constant, and the pipe and the wire are- 
sounded together. Density of steel — 7'8 g cm~". (London) [1 beat/s.] 


49. AB is a cylinder of length 1 m filled with a thin flexible diaphragm 
C at the middle and the two other thin flexible diaphragms 4 and B at 
ends, the portion AC and BO contains hydrogen and oxygen respectively: 
The diaphragm 4 and B are set into vibrations of the same frequency. 
What is the minimum frequency of these vibrations for which the 
diaphragm C is a node. velocity of sound in hydrogen is 1100 ms~* and. 
that in oxygen is 300 ms". (I. I. T. '80) [1650 Hz. 


48.. The fundamental note emitted by a stretched wire vibrating: 
transversely between two bridges 60 cm apart is in unison with that of 
an organ pipe when the temperature is 15°C. Find approximately the 
change in length between the briges necessary to restore unison when the 
temperature of the air in the pipe rises to 3070, the tension in the wire 
remaining unchanged. [157 em.] 

44, Two similar organ pipes when sounded together give 7 beats per 
second. If their lengths are in the ratio 50 to 51, calculate the 


frequencies. _(Kanpur '71) [857 and 850 Hz.) 


45. An organ pipe is sounded with a tuning fork of frequency 
perature of 15°O, 28 beats: 


966 Hz. When the air in the pipe is ab a tem, 
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occur in 10 s, the tuning fork giving the higher note, What change in 
femperature is needed to bring the pipe and the fork in unison ? [5'200] 
46. A pop gun consists of a tube 25,cm long, closed at one end bya 
ork and at the other end by a tightly filling piston. The piston is pushed 
slowly. When the pressure has risen to 1'5 atmospheres the cork is 
violently blown out. Calculate the frequency of the ‘pop’ caused by if 
‘ejection. ‘Velocity of sound in air is 840 ms". [S 10 Hz]. 
47. Along cylindrical tube is being filled up by water at a uniform 
rate from a fap. An observer found that a tuning fork of frequency 800 
is producing resonance with the air column in the tube after every 100 
second. Calculate the volume in em? of the water supplied per second. 
The radius of the tube=10 em and the velocity of sound = 330 ms". 
(J. E, E, '76) 11727 cm?s71.] 

48. A string 25 cm long and haying a mass of 2'5 g is under tension. 

A pipe closed at one end is 40 om long. When the string is set vibrating 
in its first overtone and the air in the pipe in its fundamental frequency, 
% beats per second are heard. It is observed that decreasing the tension 
in the string decreases the beat frequency. If the speed of sound the air 
320 ms ^, find the tension in the string. (LI T.'89) [27% 10° ayn] 
49. An organ pipe open at both ends, 2'5 ft long, produces 5 beats 
per second with a similar pipe slightly shorter in length and the same 
number of beats wilh a tuning fork at 0°C. Calculate the number of 
"beats produced by the shorter pipe with the tuning fork at 29°C. Velocity 
«of sound at 0°C is 1100 ft s™* and at 29°C it is 1144 ft g-1. [9] 
. 50. A tube closed at one end is closed at the other end by 
vibrating diaphragm which may be assumed to be a displacement node. It 
4s found that when the frequency of the diaphragm is 2000 Hz, a 
stationary wave pattern is set up in the tube and the distance between 
‘adjacent nodes is then 8 cm. When the frequency is gradually reduced 
the stationary wave pattern disappears but another stationary wave 
pattern reappears at a frequency of 1600 Hz, Calculate (i) the speed of 
sound in air, (ii) the distance between adjacent nodes at a frequency of 
1600 Hz, (iii) the length of the tube between the diaphragm and the 
-closed end, (iv) the next lower frequency at Which a stationary wave 
pattern will be obtained. [820 ms^*, 10 em, 40 om, 1200 Hz] 
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HEAT, AND TEMPERATURE : 
RECAPITULATION 
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IV-1. Heat. We derive the sensations of warmth and cold 
through our sense of touch. When a vessel containing cold water is 
placed over a fire, it becomes warm, then hot and finally begins to 
boil. The external agent which turns a cold body hot is called heat. 
When a body is heated we say that heat has been added to it, 

Alt bodies contain heat. However pal a body i is, it contains 
some heat, Water ina lake, pond or river is colder than boiling 
water ; ice is colder than water in a lake, If'ice is added to water 
in a tumbler it melts. ‘The water becomes coldér than before, but 
remains warmer than ice. We explaifiit by saying that some heat 
has passed from the water into the ice and melted and warmed 
it. The water in the tumbler, which was ica pe boiling” water 
undoubtediy contained heat, Hn : 

Even ice contains heat, Liquid air is much colder than ‘ice, 
When a vessel containing liquid air is placed over ice, liquid air 
boils like water over a fire, Heat passes from ice into the liquid 
air, TY 
The same agent ‘heat’ is responsible for both the NIA ia 
of heat and cold. When heat enters ‘Our body from the object 
touched, we feel the sensation of warmth. When heat leaves our 
body, we feel the sensation of cold. Faster the heat enters our 
body from an object hotter it appears. Kasten indi heat leayes, 
cooler the object appears to the touch. 

IV-2. Temperature: We have said that Apis contain heat. 

Our sensation of warmth or cold does not depend on the total i 
amount of heat that # body contains, When a quatitity "of cold” 


ait 


s 


2 HEAT 


water is poured into a vessel containing hot water, the total amount 


of heat in the water of the vessel is larger than before , but the 
water appears colder than it was, 

If the sensation of warmth is not to depend on the total quantity 
of heat in a body, it must depend on some other factor. This factor 
is called temperature. In trying to define temperature we observe 
that when two bodies are keptin contact. heat may pass from 
one body into the other, One of the bodies gets colder and the 
other warmer. The former loses heat to the latter, This behayiour 
of bodies helps us in defining temperature, As an elementary defini- 


1 / ) 
tion we may say— i ; 


' The temperature of a substance is a number which expresses 
its degree of hotness On some chosen scale. 


Heat flows from a body at a higher temperature to.oneaLa. 
lower temperature, When the temperature is. the same fortwo 
bodies heat ceases to flow from one to the other; ( Compare the 
flow of water between two leyels ); 

df we take a cupful of water out of a bath tub, the water in the 
cup has the same temperature as that in the tub, But as the tub 
may contain a thousand cupfuls of water, the total heat in the tub 
is much greater than that in the cup, 


IV-3. Differénce between heat and temperature. The points 
of difference between heat and temperature may be stated 8$ 
follows ; y 


(i) Heat is a form of energy. Temperature is a thermal. state 
which determines the direction. in which ; heat. will flow. Heat 
always flows from a body at a higher temperature to a body ata 
lower temperature, i T i 

(i) Temperature is not determined: by the amount of heat 
in a body. . ( Consider a bucketful of water, andia cupful taken out 


» * ofit. Both have. the same temperature; but the water in the’ 


bucket contains many times the heat contained in the cup. )» 
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"""(ii) If equal amounts of heat:are added to different bodies, 
their temperature rise, in general, will be different. 

(iv] Temperature may be compared with the water level in à 
vessel. and heat with the amount of water'in it, Addition of heat 
raises the temperature just as addition of water raises the water level. 
When two vessels with different water levels are connected together, 
water flows from the one having the higher level to the one having 
the lower level. The amount of water in either vessel does not 
determine the direction of flow. 

i Strictly speaking, it is not proper to-speak-of the heat in a body’ 
Later we shall learn that ‘heat is energy in transit due to temperature 
difference’, The amount of heat we-can.get from a body depends on 
the temperature of the other body in contact, j f 
» Different forms ot Heat: We recognise three forms namely — 
Sensible, Latent and Radiant Heat. When. on heating a body, its, 
temperature changes but not its State of \aggregation, the heat is 
said to be sensible i.e, directly perceptible to the senses of touch. 
“When: addition of heat “changes the state of aggregation i.e. 
solid to liquid or that to gas, heat is said to be larent i, e, hidden ; 
for then.the tempereiure doesmot change and the effect of heat is not 
recognised by sense. of touch. . < * 
Heat, is. found. to flow. without the. presence. of any medium, 
Without contact across vast distances, «e, g, from the sun to all 

: . the planets, in the form. of electromagnetic waves as light does, 


This is the radiant form of heat, 
 IV-4. Effects of heat. Heat raises temperature; the other 
| changes are direct effects of the rise of temperature, Almost all 
physical properties are affected more or less by heat. It can 
also briog about chemical changes, Most, chemical actions take 
Place faster at higher temperatures, This also applies to life 
Processes ; but life cannot continue at high temperatures, In the 
study of heat, temperature is the most fundamental quantity. It is 
in fact the fourth fundamental indefinable in addition. to those, 
.. mass, length and time ( See ; O-L5) T 
""Priaciples of Thermometry : As indicated above temperature 
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cannot be. directly measured ,.we measure only the temperature 
difference in terms of (i) a femperature scale and (ii) changesin 
other properties namley, 
(1) change in length of a solid in the form of a coiled 
filament 
» (2) change in volume of w liquid or gas under constant 
7 pressure in a glass container — 7 =% Å " 
(3. change in pressure of a gas or vapour of constant volume ^ 
(4) change of electrical resistance of a metallic wire 
(5) chaoge of thermo-emf ofa thermocouple of a pair of 
^0 (6) change of magnetic susceptibility of cortain metallic salts, 
Te that so many diverse properties of Batter chango with addtion of 
beat when temperature changes. Any of these property-changes can be 


L9 Loita Ves V, (ty), Pm P.I), RR (0 *«,0). 
Eat +-bi*, Y; Te Const. 


where L, V,, P, R, refer to length, volumen pressureand resistance at& 


+ — temperatures above absolute zero, <, 7, Y', and « , constants peculiar to t^ 


Substances used ; Æ is the emf developed, ; h constants peculiar to materials 
used. x the magnetic susceptibility. 


Any of these properties can be used as à thermometric property 
and the substance as thermometric substance. However we shall 
concentrate on tiquid-in-glass thermometry Where a liquid is tbe 
thermometric Substance and increase in volume with temperature, 
the thermometric property, Whenever occasion arises we shall 
podre upon the other forms of thermometers. 

- Thermometers. A thermometer ls a device for measur 
ing temperature, To measure à temperature we ds edat some 


propery of a mbrttce Which changes regulary with change ia 
The most common form of thermometer is the merear] i din 
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thermometer, Mercury is the thermometric substance. Expansion 
of mercury with temperature is the thermometric property we use 
for measuring temperature. Its expansiou with rise in temperature 
is fairly large. Strictly speaking it is the difference of expansion 
between mercury and its glass container that we wtilize,- We may 
therefore, say that in a mercury thermometer, the change in length 
of the mercury columin in the glass tube is the 1bermometric 
prorerty, for the cross-section is taken to remain constant, — 

Some other liquids notably. alcohol, are. used as thermometric 
substances. For low temperature measurements pentane is used =» 
where both mércury (F.P, - 39°C ) and alcohol, ( F. P, = 130°C ) 
cannot be used, f cie 

Properties desirable for a Thermometric liquid :— . a 

(i) Long Range.: The, liquid should bays a low enough 
freezing point and high enough boiling point 5e that a large 
temperature range may be measured. . High boiling poist ensures 
a low vapour pressure, a desirable property, f 

(li), M should dave Jaw apeeifie: thermal capotiiy such that in 
rising trough a given temperature range it absorbs ai little hest as 
possible from the body in ouch, 

(lil) - 1t whould bave high heat conductivity 90 bai conduction 
and consequent temperature tive may be fast. a 
iv) Ie must have jorge coefficient of volume expontion vo that 
for » tmali temp'tise there i» an appreciable expansion of it Abo 
that the expansion is regular i.e. uniform = 

(v) The liquid sould be opcque wt Vo be easily Viiibie tbrough 
glans, should be easily available in the pure state and. cheer, ! 
..(vi) lishould have Jow vapor presure. | ^ 


4 


:ppreciable amount of beat when the thermometer bulb 
wcatitive thermometers ) is large ond. inflates the bab when the 
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thermometer is held | vertical ( recall. p=hpg and Pascal’s law y 
Further, as mercury does not wet glass it moves jerkily. i.e. not 
uniformly and mercury is not cheap, now-a-days, 

\ Its alternative, alcohol has a lower F. P. but also a lower B, P, 
So its vapour peressure is large, Its density is low. but. so is its 
couductivity. Its expansivity is larger so is its specific heat capacity, 

“It is cheaper but transparent ( so needs to be coloured de It wets 
- glass and hence moves smoothly but sluggishly. 


Mercury thermometer. Description. In view of the above points 
mercury is the most widely used liquid-in-glass 
thermometers, 

It consists of a (i) thin walled large bulb (A) 
attached toa (ii) thick walled fine capillary with a 
(iii) smaller closed bulb (C) at the top (fig, IV-1.1). 
The bulb and some length of the capillary is full 
of mercury. The large bulb accomodates a greater 
quantity of it so as toallow a greater volume 
expansion ; its wall is thin to allow quick passage 
of ‘heat, The: capillary is thin to allow a change 
in volume of mercury appear as a large change 
in length, Its thick wall gives mechanical strength 
and inhibits loss of heat from the capillary. The 
small bulb at the tep is a protective -device to 
guard against accidental Overheating ; if that 

Fig. IV-L1 occurs mercury may shoot up beyond the top of 
the capillary and break it.open; but with the bulb present, 
mercury flows into it and.does not press up to the top; 


IV-6.. Scales of temperature. To give’ a` temperature a 
numerical value, a scale’ of temperature is necessary, So we 
tüke two temperatures fixed by Natureé—the melting ‘point of 
ice and the boilling poiet of pure water, both at a pressure 
co Standard’ atmosphere," The former is called’ the ice-point 
Ind the latter, the steam point, In Preparing a temperature scalé, 
thése two tempearatures are giveñ arbitrary values; The most used 
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temperature scale is the centigrade scales In it, the ice point is 
given the value of 0°C and, the steam point, the value of 100°C, 
The temperature interval between these two fixed polnts is called 
the fundamental interval. nhe centigrade scale the fundamental 
interval is; divided into 100 equal parts, called degrees. The scale is 
extended above and below. thetwo fixed points, Temperatures below 
0°C ( the ice-point ) are marked negative, such as, —1°C.—20°C, 
etc. 


In 1948, the International Organization for Standards 
directed the use of the word ‘Celsius’ for ‘centigrade’ in honour 
of Anders Celslus, a Swede} the inventor of the scale in1742. The. 
symbol for a degree on this scale continues to be °C, but we now 
call it ‘degree celsius’, t 


On the Fahrenheit scale, the ice point is given the value of 32°F © 
and the steam point, the’ value 212°F, The ^ A 
fundamental ‘interval is thus divided into 180 
equal parts or degrees. Since a 'difference 
of 180 fahrenheit degrees equals a difference 
of 100 celsius degrees, we have (fig. IV-1.2) 


: i 100 .5 - í wi 
1 fahrenheit degreem 0— 5. celsiüs gti 
IV-7. How to express a value of tem- 
perature anda difference of two temperatures!» 
in symbols. What will you understand when i 
we write 20°C or. 20°F ? Obviously, it means 
a temperature of 20°C or 20°F. ‘But how 
shall we express à difference of temperature 
of 40°C—20°C=20 celsius degrees, fin: 
symbols ? Many authors prefer «to.- indicate 
the difference as 20 celsius degrees or 200°, 
putting the degree mark after the-symbobC. > 
( Similarly;' 20° fahrenheit degrees or :20bis)sni 
Unless we use the word ‘difference’, it i$ better to write 200° 


a 100 degrees. Centigrade- 
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or 20C deg, There is, \however, no uniformity of writing in this 


* Fig IV-13 


regard. : But the point is worth remembering, 
IV-8. Conversion from celsius to fahereheit 


‘reading and vice versa. Suppose a temperature 


reads c on the celsius scale and f on the fathrenheit 
scale. f is (f+32) F^ away from the ice<point (0C). 
Since 1 FIC, GR = di f-3) €. 
Hence c is $ ( f — 32 ) celsius degrees away from 
the ice-point. | 
i e f=32)and faz 32>, (LV ,6il) 


Though India uses the celsius scale, our clinical 
or Doctor’s thermometers were being graduated 
in fahrenheit degrees, Recently, however, we have 
changed over tothe celsius degree. The normal 


| body. temperature is taken as 37°C. or 97,47, 


(See fig IV-1.3). Note the small range of gradua- 


tions. Human life cannot servive for 
long above or below these. limits and 
hence graduations beyond is unnecessary. 
Temperature scalesandInter conver- 
sions) Apart from celsius and fahren- 
heit scales. you know the- Kelvin or 
absolute scale. Rankine: scale used by 
engineers in. the U.SjA may be taken 
as the fahrenheit counterpart of the 
kelvin scale, On it the abolute zero 
comes out to.be —459.7?F and each of 
"its. degree rise corresponds to IF, 
The temperature difference between 
freezing and boilng points'of.pure -water 
unde? standard atmospheric pressure is 


Said to be the Fundamental Interval. 
Remember whatever the scale of temp considered 


Fig. IV-14 
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"Temp Reading— Lower fixed point: is insist. 


T t 
Lp dar Fundamental Interval 


Hencé^we shall have for the any scale of temp 


C-O . E-32 a Sic R-492 Z-F.P. 
100—O 212-32 313-215 672- 492 TBP- F.F. 


where Z represents temp on any arbitrary scale ( including the 
so-called faulty thermometers ) whereas B, P, the boiling temp and 
«FP, the freezing point of pure water under standard atmospheric 
pressure. Mention of pressure is a must, for remember that a change 
of pressure by 1 cm of mercury changes boiling point of water by 
about O:27°C. Fig 1V-14 seeks to correlate the inter-relations 
between the different temp scales. The following worked out , 
problems would clarify the method... | 

Examples IV-1. 1. The freezing point is marked 20° on a 
thermometer and the boiling point 1 50°. What reading would it give 
for a temp of 45'C 1 [ Tripura H. S. ’81 ] 


Solution: Let Z be the required reading. ‘Then 


z-20 2 C+0 Qi Z-20. 49 Z-20445X13-—785*, 
o- 100-07. 330 109; iil a a 


Ex. IV-1. 2. The upper and lower fixed points of a thermometer 


are marked 140° and 20° respectively. What would it read for à 
temp of 92F ? í 
Solution s 


z-20: 191-32 220.80. or z- 6 R- 
340207212733 A 7 80 


Ex. IV-1. 8. A faulty MOEA reads, pr 
96? under normal atmospheric pressure. Find the correct temp 
when it reads 39°, both in ‘centigrade and Fahrenheit scales, the bore ` 
of. the thread and graduations being uniform. [ Dac. U ] 


citt Z be the required reading. Then 


in melting ice. and 


Let C and F be the required readings. Then 
232. a laona at? w + e 


S A 112-32 96-1 


38. F-32_ 38 . wee tert 
lb a e 


Euch 


xir ins t 


oz 
Or, io^ 


" 


Temperature is no longer a Scale, but is a fundamental physical 
quantity like Length or Mass, Just as the metre is the unit of 
length or the Kilogram the unit of mass, the Kelvin ( symbol K) 


is the unit of temperature, J js defined as 1/273-16 fraction of the 


temperature difference between the absolute zero and the triple point 


of water. Triple point of water is the temperature at which ice, | 


Water and water vapour can coexist, jt is taken to be O1K 
above the normal melting point of ice, 


We no longer speak of absolute temperature as degree Kelvin 


Convenience, But the Proper recognized ‘scale is the: International 
Practical Temperature Scale. Unfortunately, We cannot go into 
it here. We Cannot here go into a more detailed discussion of the 
modern concepts, They will come up in due course, 


IV-1.10. More about Thermometers and Temperature : 


A. Sensitive thermometer ; Smaller the lemp difference a 


that a large expausion' for à small temperature rise. 1S required. 
Hence for a sensitive thermometer 
(i) the bore of the capillary must be fine 
(i) the thermometric Substance must haye a large coefficient 
of Volume expansion, ; 1 
üii) the amount of liquid i. e, the volume of the bulb should 
be large, xx ; l Uae 
* B. Fast recording thermometer : Such one should be indicat- 
ing the required- temperature in the shortest possible time, To 
achieve that Pee bares ^od nr 


di 
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(i), Amount of liquid and so the bulb should be small. 

(ii) Capillary should be wider, Tr 

(iii), Conductivity, and specific heat capacity per unit volume 
of the liquid should be respectively high and low, 


So the requirements for the two:A and B are contradictory. 


C..Six's thermometer.: This is a device by which the maximum and 


minimum temperatures attained during a day can be recorded. Jt utilises both 
mercury and alcohol and is widely used’ in Meteorological observatories. 
Description. The bulb of the thermometers 


B (Fig IV-1.5) is at the end ofa long capillary. 
U tube which carries a smaller bulb D at the, 
Other end. The bulb B and part of the stem 
down to A are filled with alcohol. This is the 
real thermometric part of the instrument. A 
column of mercury extends from A to C in the 
stem. It acts as an index. Above C the stem 
contains alchohol which also. fills part of D, 
the rest of which contains alchohol vapour, 
Providing room for expansion of the liquid, 
Above the mercury thread in each limb rests 
a smal! steel. duwb-bell I; and Ig carrying a 
light spring each Pressing against the inner 
wall, 

Action ;. As temp falls, alcohol in B 
Contracts, Pressure of alcohol vapour in D 
Pushes the mercury column up the left hand . 
limb, along with the ‘steel pointer Ig. As 
temperature rises, alcohol in B expands and Fig, IV-1.5 
Pushes down the merchury column leaving the 
steel pointer held in position by its spring. Its lonar end records the minimum 
temp attained, miiti 


As alcohol expands in B it pushes up the mercury column in the right hand 
limb along with its steel index Ii. Its lower end records thus the iaun 
temp attained; - f 

To set the thermometer afresh the steel indices are brought down to the 
Mercury tops by a magnet, "i : 


D. Range of Temp: You due that Nis has put a “lower 
limit to the n bred) which is the “absolute zero, “today 
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recognised as 0. Nothing in thé universe can be lower than this 
( — 273*C) temperature, 


ee There seems to be no upper limit to high temperature, | The 
temp of the solar surface is estimated at about 6000°C. In, its 
interior the temp, is believed to be about 20 million deg C. The 
core of a bursting nuclear bomb or hydrogen bomb may attain a 
temperature of a few million deg for a while, while the interior of 
the hottest stars may be at hundreds of millions of degrees, We 
‘know-nothing hotter than this but a precise. measurement is quite | 
out. of question. .We append below. some melting points and | 
liquefaction points under std, atmospheric pressure in the celsius 
scale. y 


— 


Material | Melting Point | Gases 


Liquifies at 
US [ 
Steam 100* | 
| NHs 34° E 
| NOg =% : 
| SO; aad 
| Oxygen —183° 
| Nitrogen =196° | 
| Hydrogen 2-254. 
| elium —269° 
Helium 7j /—269" 
Í 
I 
1545* | 
Platinum 1770 | 
Tungsten 3400 — | 
Se 349 5] 
E. : Summary of Thermometri¢’ Principles, Substances and 
Ranges: . ? 
Hermosa] Substance Property ' Range(in C) ^ | 
1. Bimetallic Solid filament o i i i 
2. ERU | dit. meis. | Relative Expansion | —4 to 500 
v (Va y]. Es i un Expansion in Vol; | m to a 
apour i : : eoe 
Prose v papai of volatile | Vapour Pressure —150 to -272 . 
; Gas Ther- é i 
eee ats Hytrowén Increase in Press | —260 to 1600 


(a) Const. Vol » o» Vol | —183 to 600 
b) Const. Press}; ) i 
1V-5) 


Increase in Resis- | —200:to. 1200 «2! 
tance 


5: rie Platinum" 
li 

z; . i h 
Rise in thermo-emf| —200 to 1600 I 


MET II. (IV-2 
yz mo couple) Pt.Rh and Cu- 
Vol IT. (1V-4) Constantan - 


- Pyrometer in bri i 
(R adiation Tungsten Change in -— 800 ops o any j 
gay ote a ndonetic cas | (Stefan’s Law) f 
1 014 Paramagnetic salt Jagnetic suscepti- | Below 
bility (Curie’s Law)| —270 


4 
| 


s 


IV-2 
CALORIMETRY 


TV-2.1. Heat is a measurable Quantity |... 


In the foregoing chapter we have learnt how .to. measure 
Temperature; in this we seek to measure. the other. fundamental 
quantity, Heat. In the early days, heat was wrongly identified 
with a fluid called Caloric which was supposed to be in every type 
of matter ; whichon addition was supposed to raise the temperature 
of a body and on extraction, lower the same. Measurement. of 
caloric was named Calorimetry. n 1 

Heat is now-a-days defined.as the energy transferred from one 
body to another because of temp difference: ‘This provides the 
basic principle of Calorimetry-— When a hot body is brought in 
intimate contact with a cooler body, provided no heat enters or leaves 
the closed system, heat lost by the hot body is equal to that gained 
by-the cold body.. Flow of heat stops when the two reaches the same 
temperature just as flow of liquid from a higher to a lower level 
stops when the liquid attains the same level. In the former, thermal 
egilibrium, in the latter, mechanical-equilibrium is. reached when 
the flow stops. To know this equilibrium temperature is:the quest 
of all calorimetric measurements and can be reached from the 
knowledge of thermal properties of the bodies involved. 

IV-2. 2. Units of heat. Before we can measure a quantity we 
require a unit, The unit of heat is defined as the quantity of heat 
required to raise the temperature of unit mass of water by unity. 
This gave rise to three different units, viz. 

(i) the calorie, which is the unit of heat in the egs System. 

It. is the quantity of heat required to raise the temperature 
of one gram of water by one degree celsius, A kilocaloric 
(also called a large calorie) is 1000 calories. ; 

(ii) the British thermal unit ( abbreviated Btu), which is the 
unit of heat in the fps system. It is defined as the heat 
required to raise the temperature of one pound of water by 
one degree fahrenheit. : sait nu guo 
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3 ;& commercial unit of heat is the therm. 
1 therm= 100,000 or 105 Btu 


(iii) the pound degree-centigrade anit or centigrade heat uni 
(abbreviated CHU), “a hybrid unit which raises the 
temperature of one pound of water by 1°C, uet 

(iv) the Joule is the unit of heat in the SI or MKS system, “It 

is the same as the unit of work or energy in that system, " 

n It is'clear from the definitions that the heat required: to raise 
m grams of water through r'C' ig mxt calories, while H ‘calories’ 
will raise the temperature of m grams of water by skt. We are 
thus led to the following relations between the units : 

1 Btu’ = 1 bx ior = 453.6g x 8°C - 252 calories ; | 

DdbC œ 1 7bx VC = 453, 6gxK1°C' = 453.6 calories, Ne 

1 Joule ! 729 0,24. eal; " 

With : improvement in’ the accuracy | of" measurement, we 

gradually came: to know. that water doesnot requite the smë“ 
quantity of heat (minimum at 37°C) for a orie' degree rise at different 
temperatures, So, in defining the heat units it became: necessary to” 
State at what temperature this rise’: should take place, The présent 
calorie (Symbol, cal) was defined as: 

» The calorie is the quantity of heat required to raise the tempera- 
ture of one gram of pure water'from 14'5° C 'to'15*5° C nder 4^ 
Pressure of one atmosphere, Tt is called the I5-ceope, ^ 
West Germany has passed a law (1970) "to: the effect "that thë 
| joule (J) should ‘be used ins- 
tead of the ‘calorié even for 
domestic “purposés—sich as 
in ‘stating thé calorific value 

a : ‘> of food ’or fuel, 
de eio ads Sd RISK ` We shall presently . leara 
( Fig. IV-21 f y ‘that ‘specific: heat capacity or 
Late ~ Specific heat (as called for- 
merly ) of water is the nergy required to raise unit mass of it 
through unit rise in temp. In fact a calorie or a.Btu is that; The 


cT 


T 


S 
8 


aS 
z% 


Specific heat capacity 
of water in Jkg^'K^ 
A 
8 
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15°-cal is equal to 411855 J as told above, but at’ other tempera- 
tures the value is different as shown in fig. IV-2.1. where values 
along the ordinate gives JKg-*K-! ie, joules required to raise P 
kg. of water through 1 K°, plotted against temp in K., 


1V-2.8. Specific heat. The specific heat is the quantity of heat 
required to' raise the temperature of unit mass of a substance by 
one degree, In the cgs system, the specific heat of a substance is 
the heat in calories required to raise the temperature of 1 gram of 
the ‘substance through 1°C. “The unit in which to express specific 
heat is calories per gram per^C. \ In symbols, we write it as, cal/g 
°C. or calg?! *C-1, ‘For ‘cal’, you may find J in some books, : 


The term specific heat capacity, is v preferred to the old term 
‘specific heat’. 

We shall generally use cgs units, From the definition of M 
heat it follows that if s be the specific heat of a substance, , heat. 
required to change the temp. of 1 gm of a substance by I°C is s 
calories . ; heat required to change! the lemp. of m gm of a substance: 

by 1°C = ms calories ; 
Heat (Q) required to change the temp, of m gm ‘of a substance. 
by °C = mst calories ; à 


In symbols, Q = mst ; ms (Y-2,3,1°). 


Heat gained= mass X specific heat x T FEEN rise. 
Heat lost “= mass X specific heat X pues eed fall. 


Eq. IV-2.8.1. is the “ndamel equation, in. Benet 


We may arrive at the same result-more elegantly “from 'experi- 
mental results. as follows, which provides. definition. ofsp. heat 
capacity also, Let Q be the amount of heat supplied to a mass m 
of a substance to raise its temperature. by t. Then from experiments 
we find that j 173. 1.1.0 Jo. 

(1) Q œ m when rise of temp tis const 


(2 Q ot when mass m remains constant. 
ie, for (1) you take different masses of a given material and. 
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heat them through same'temp rise ; for (2) you take a given mass 
of, the given, material and heat it through diflerent.temp. intervals, 
Combining the two, we get by theorem of Joint Variation, 

H oc mt when both m and t vary, 

s H = s,m, t where s is the constant of propertionality, a 
const’ for a given material, called the specific heat capacity. So 
s = H|mt i.e. cal/g/C° or Joules/kg/K—heat required. to raise unit 


mass through unit temp difference, 


Remember, specific heat ( capacity ) of water in cgs system is 
cal/gm/C°, in SI.system 4185 J/ke/K. 

These relationships also,apply.to the'other units, Thus if s. is 
the specific heat given as a number, Q will be in Btu if m is in lb, 
and t ia °F, When m ıs in lb and t is in ^C, Q will be in centigrade 
heat units (Ib °C ). 


) 


Tabie: Specific heats ( in calories per gram per CY 


el Se Se ee 
ee eee 
Substance | sp- heat | Substance | Sp. heat | Substance | Sp. heat 


Aluminium 0210 | Nickel 0109 | Glass 012—19 
"Copper 0:091. | Platinum 0:032 Ice 0:502 
Gold 0030 | Silver 0056. | Marble 022 
Iron 0105 || Tin 17054 | Castor oil ^| 0:508 
Lead 0030 | Zinc 0092 | Olive oil 047 


Example IV-2.1. If the specfic heat of iron is 0,1. cal/g'C. how much 
‘heat will 100g of iron require to be heated from 30°C to 100°C ? 
Solution : From equation IV-2.3.1 we have 
heat gained —massx o heat x temp. rise 


1008 0.15 x (100—~30)°C=700 cal. 


i Ex. IV-2.2. basta a specfic heat of 0.1 cal/g°C in fps units. 
Solution : Let 0.1 cal g-1 *C-1—x Btu lb-1 °R-1, 


Then x=0.1 cal. fal xB E 
© 


=0.1x 2. 5.5. ‘ 
vano boit ani MON E 91 Í 
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N.B. In the same way you can show that this specific heat isalso equal 
to 0.1 C.H-U/Ib^C. See the example on p.13 in the Chapter 0-1- However the 
equality does not hold in the SI system, There the above value 0.1 will be 
418.5 JKg-) K 1. : 

Ex. 1V-2.8. A Kg of water is heated from 30°C to 100°C and 300 1b of 
water from 92°F to 212°F, Which one requires more heat ? [ H.S. '65 ] 

Solution ; Heat required in (1)=108 x 1x (100 — 30) —30 Kcal 

in (2)=3x 1(212— 92)—360 Btu 
—360 x 252=90, 720 Cal 
—90.72 Kcal. 


Hence more heat :s required in the second case 
Ex IV-2.4. Ifthe sp. heat of ice is 0.5 cal/g °C how much heat will 4 


kg of ice give up in cooling from 0°C to 10°C-10°C 2 ) 
Solution » ^. Since heat lost— mass SP. heat x fall in temp., we have 
heat lost=4000 gx 05-8 10°C=20 K cal. 


Ex. IV-2:5. In cooling from 100°C to 20°C a mass of 50 g of brass gives 
ap 360 calories of heat. Find the specific heat of brass. ) N 
Solution ; Ifs is the required specific heat we have from relation TV-3.2:1 
360 cal=50 gx 80°C xs "my ads weal Tap sane 
. 360 cal _9.99-Cal Ph aléss Aa ee 
50x80 g'C gc Gi) (fp 
_IV-2.4, Experiment z anc 
to show difference in 
specific heats? That 160d) 0 lass n) : AR 
different substances differ 
in the values of their 
specific heats may be 
demonstrated ^ by a paratfin brass 
simple experiment. Take 
a number of spherical 
balls of different mate- (b) 
rials but of the same f Fig. IV- 22 
mass, Heat them toge- i jap 
ther cin- boling water aad piace them on a thick sheet of 
paraffin, It will be seen that different balls penetrate to different 


2 


(a) 


iron 
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depths within the wax, The reason lies in the difference, in the | 
heats ‘given out by the balls in:cooling from the temperature d 


boiling water to melting wax. "The^ball that gives up more heat | 


melts more wax and penetrates deeper, Heat given out by any of 
then is equal to “its massxspecic heat xfall in temperature, 


Since the mass and the fall in temperature are the same for all, | 


their specific heats must be different, 


Fig1V-2.2 shows the state of affairs; clearly glass a non | 


meta! and lead a metal has low specific heat capacities whereas 
iron has the most, That would be borne out from the above 
table also, . ) 

Effects of high specific heat of Water $ J all but the SI system 
water has’ the specifie heat of unity. The table and worked. out 
sums above show that is the highest possible value, much higher 
than most. . 

“So to raise some quantity of water through 1° rise much greater 
amount of heat than cthers is necessary ; also for a drop of 1° in 
temp much more heat thàn others is titi: So it can act as à 
sort of heat bank, a good coolant as well as a good heater, Hence 
its use in cooling motor car radiators and steam engines as in hot 
water bags to revive a sinking patient or room heaters in» cold 
countries, , 

This large specific heat of water helps in mitigating large daily 
and seasonal variations of temperatures in islands and. sea-shores 
Sea heats up less slowly than land and also cools. less .slowly. 
This is the reason for land and sea breezes maintaining the equability 
of temperatures near the sea, During the winter the earth is at 

. perihelion ( peri—close, helios—the sun ) and receives. more heat 
. than in summer, For the very fortunate tilt of the earth-axis, the 
sun in winter is overhead the-southern hemisphere which is mostly 
Oceans, Hence over-all rise in temp is much less than would 
have happened for land. Marine life is also benefited. greatly by 
‘this small temp variation and large store of heat i in the seas and 
oceans." RES ells ^ 


—À—ÁS- 


@ALOKIMETRY 19 


The same characteristic makes water an undesirable calorimetric 
liquid, i 
IV-2.4. Thermal capacity (or heat capacity ) and water- 
equivalent. The thermal capacity of a body is the heat. required 
to raise the. temperature of the body by 1°C. | If m be the mass, of 
the body in grams and s the specific heat. of its material (in cal/g°C) 
it. requires. Q=mst calories for a rise of °C. Then its heat 
capacity Cheat required for [C° rise of temperatórez-Q]/i — ms 
calories; ^ In symbols," we that have i I 
Cms calf C j:9 to) (I2:41) 
' X^ is clear from the above that specific heat (s) er, specific 
heat capacity is the thermal (or heat) capacity of unit mass, 


gu 


Water equivalent of a body is the mass of water in grams which 
will be heated through 1°C by the heat that raises the temperature 
of the body itself by FC. If m is the mass of the body in gm 
and sits speclfic heat, the body requires ms calories in order, that 
it may be heated through 1°C. Since 1 calorie heats 1 gof water 
by 1°C; ms calories will heat ms grams of water by 1°C. Therefore, 
the water equivalent W of the body is ms grams. 

W=ms grams „ UCIV-2..2) 

From equations IV-2.4.1. and: [V-2.4.2. we see that the numeri- 
cal values of the thermal capacity and the water equivalent of a 
body are the same, but they are expressed in different units. ; 

When the water equivalent W ofa body is known, it follows 
from the definition.of this)quantity that the heat Q which the ; body 
requires for a rise of 1°C is j [Aber A 

Q= Wt ] $ (IV-2.4.2) 
since the specific heat of water is unity. d LV 


[The use of the term *water equivalent’ is no longer encouraged. 
The term ‘heat capacity? is used instead ] 

Ex IV-2.6, Two substances have densities in the ratio 2 : 3 and 
their specific. heats respectively 0.12 and 0.09. compare the thermal 
capacities of their unit volumes, 1:0) 007 ; [C.U./ESe., HS, '83] 


20 BEAD | 
font misy Ria 2 O12 8 
Solution masa VPasa 3 0409 79 
Thermal capacity of a body is ms and we take same volume 
of them, 


Problem: Sp. gr. of a certain liquid A is 0,8 and that of 
another. B, is 0.5. It is found that heat capacity of 1,5 litres of A 
equals that of 1 litre of B, compare their specific heats, 


(Ans : 5 : 12) [Pat U.] 

Ex. IV-2.7. Equal volumes of mercury and glass have the same 
heat capacity ( a plus pt. for mecury in glass thermometers), Find 
the sp. heat of a piece of glass of Sp. gr 2.5 if the specific heat and 
Sp. gr for mercury is 0,0333 and 13.6 respectively. [Pat. U.) 


Solution : Masses of y cc of glass and mercury are 2.5 yg, and | 
13.6 yg. From given condition we have 


VX2,5x se Vx 13.6 x 0.0333 or $20,181. 

Ex.1V-2.8. An iron saucepan contains 100g of water at 25°C, 
50g of water at 60°C is poured into it ; the fiaal temp attained is 
35°C. Assuming no loss of heat find the water equivalent of the 
Saucepan and sp, heat of iron if its mass is 233g, [ H. S. 60] 


Solution: Let W be the required water equivalent, Then from 
the relation Heat lost—Heat gained we get 


50x 1x (60—35)—(100-- W) (35-25) or Wan 25g. 

Since again water equive- Thermal capa £ 
city and sp. heatesThermal capacity of unit 
mass we have . s=sW/m=95/238==0,105 
cal/g/’C, 

IV-2.5. The fundamental principle of 
calorimetry. In most experiments on calori- - 
metry bodies at different temperatures arẹ 
brought into intimate contact inside a ‘caloti- 
meter. It isa cylindrical copper s vessel (Fig. 

Fig. 1:25 IV-2,3 ) containing a liquid anda stirrer for 

stirring the liquid. Heat flows from. the 
hotter to the colder bodies until all of them reach a common OF 


^3* A material of high heat couductivity and low specific heat capacity; 


"a Bae RO M ERN 


CALORIMETRY 215 


equilibrium. temperature, "The method is known as the method of 
mixtüres. í 

We ‘assume that (1) no heat enters or leaves the calorimeter 
after the bodies have been brought into contact (2) no chemical 
action takes place between the bodies. or with the calorimeter, 
(3) nor does the solid. dissolve. Then, from the principle of 
conservation of energy, we may say that 

Heat lost by the warmer bodies==heat gained by the colder 
bodies. 

This is the fundamental principle of calorimetry. Note the 
conditions to be fulfilled. ; 

Precautions. No heat is to enter or leave the calorimeter. 
The calorimeter must be so designed as to eliminate loss or gain of 
heat by conduction, convection and radiation. 


A. Precautions in design. The calorimeter must be of a highly 
conducting material so as to achieve equality of temp all through 
and quickly. To minimize heat loss ` 
by conduction the calorimeter ‘is 


placed on a thermal insulator, such as 
cork or felt. It is better however to 
support it on spikes, of cork ( fig. 
IV-2.4) or strips of cardboard set on 
edge or to suspend it by fine threads. 
Convection is reduced by surrounding 
the calorimeter with an: outer vessel 
and packing dry cotton wool or felt 
in between and to cover it by a Fig.1V-24 | 
wooden lid, The lid is provided with 
holes to allow the thermometer and stirrer to pass in. To reduce 
radiation loss the calorimeter is highly polished. The heat lost by 
radiation—rather by convection and radiation—can however be 
determined experimentally and ‘allowed for in calculating the 
results, j 

B. Precautions in method. Besides, precautions such as 


SUIT EZ 
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(i). prolonged heating of the solid so that it may attain a steady -— 
temperature (ii) quick transference of the body into the: calorie 
meter so that the body may not lose heat on its way down (ii) | 
continuous ‘stirring of the liquid so that it may attain a uniform — 
temperature (iv) screening the calorimeter from other sources of 
heat and (V). avoidance of splashing of the liquid while dropping 
the solid into it, should be taken, d 
Water is not suitable asia calorimetric liquid: Its specific heat is | 
much higher than that of any other liquid, So the rise in tempes 
reture of water for a given supply of heat will be much less than 
that of other liquids, The percentage accuracy with which a 
temperature difference can be measured diminishes. as. this 
difference itself does ; with water as the calorimetric liquid the 


result is likely to be less accurate than if some other liquid, such: 
as an oil, were used, 


Properties desirable for a calorimetric liquid. From above 
discussions, we may list them as follows :—The liquid must 


(i) have low specific heat capacity 
(ii) have high boiling point so that evaporation be small 
(iii) -be chemically inert ie, will not chemically react: with 
or dissolve the Solids or the material of the container 
|. (iv) zbe a good conductor so that equality of temp throughout 
is quickly attained j } 
(^(V) have high fluidity so as not.to stick to the calorimeter. 
Oils fulful the requirements. except the last. two better than 
water. Aniline a pure chemical with medium sp heat (0.6) and high 
boling point 184 'C, is now regarded as the best calorimetric liquid. 


IV-2.6, Determination of specific heats of Solids and Liquids. 
(Method of Mixtures ) 


To, determiue the.former a liquid of known sp heat and-for the 
latter,.a solid of known sp. heat jis required, |. The. experimental 
procedure is exactly the same, The Solid and the liquid must: not 
interact, Remember in sall experiments a: hot body. is put in 
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intimate thermal contact with a \coldoliquid and:heat flows till 
thermal equilibrium is reached. 

To carry out the experiment the solid is first weighed and then 
suspended inside a steam heater ( fig IV-2.5) which is a hollow 
double-walled cylindrical chamber, i à 
steam circulating between the 
walls . It enters through a pipe and 
leaves. through another, © The 
hollow space C is'stoppered by a 
cotk above, Through holes in it 
are. suspended the experimental 
solid by a. thread close beside the 
bulb of.a thermometer. The. lower 
opening may be closed by a 
movable lid, The heater aud the 
lid can slide up and down wan 
upright with a large base on which may be placed the calorimeter 
to receive the heated solid. Steam is raised in a boiler and passed 
through a rubber tubing to the inlet. f 1; 9.v1 

Steam is passed, for a long time till the thermometer shows a 
steady reading close to 100°C. In the mean time, the metal, 
calorimeter is weigsed with the stirrer, dry and empty and again 
with water.a little more than that required to completely immerse 


the solid. It is next well-stirred, placed inside the outer box and 
eter the temp is noted, placed well 


then with a sensitive thermom 


away. from the heater. 9.3831 i gr 
The calorimeter is placed on the base of the heater, the lid 


moved out and the hot solid quickly dropped inside the water 
which is continuously stirred and, the rising temp noted at half- 
minute intervals till it reaches a maximum and then begins to fall. 
This is the common final temp which should not be much higher 
( <10°C ) than that of the surrounding. 4i ju STE PIT 

As you have noted before, many precautions are, necessary to 
minimise heat loss from the calorimeter and its contents, . 
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| (i). prolonge of fuels. Different samples of fuels 


temperature amount of heat that can. be obtaingd by 
! meter so tha T completely....For example, when it is 
| continuous 


yalue of a certain sample of coal. is 104, 
that when one pound of the sample: is 
would get 10,000 BThU of heat.  Calorifie 
/ fuel—oil, can be similarly expressed, 

It is the device to determine this quantity, 
Pontaitier with a small hole closed by a gas-tight 
f E. oxygen at high pressure, ^A small quantity. 
Mered and dried is placed inside it aud. the so-called 
pletely immersed in water in a large calorimeter, 
je by a wire placed inside and carrying electric current, 
duced by combustion passes into the water of which 
and final temp are noted. The mass of the powder, 
"ter in the calorimeter as well as water equivalents of the 
q^ gd the calorimeter being previously known, tbe required 
jc value can be determined from this rise of temp. 


„3.8. Basic equation of the method of mixture. All cateri 

rie problems based on the method of mixtures can be solved with 
help of one equation only. The equation is established below. 

Rira the mass of càlorimeter+strrier 


; =m; 8 
specific heat of its material =s, cal/g°C 
the mass of the solid (to be heated) =m g 


its specific heat 


=s cal/g°C, 
mass of liquid in the calorimeter 


=m’ g, (this may be 
water) 

=s'(s'=1 for water) 
=mass of cal, Xsp, 
heat of its material 


Specific heat of liquid in calorimeter 
‘water equivalent of the calorimeter 


= Ww g, 
initial temp of liquid in calorimeter exco 
` initial temperature of the hot body =t; C, 


final common temperature 
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Here the body loses heat while the calorimeter and its contents 


gain heat. 
Heat lost by the body ems (14 —1) cal; 
Heat gained by liquid in the calorimeter em's'(t— t) cal ; 
Heat gained by the calorimeter -W-1) cal; 


A oms(ta — Des(Qm's'o- W) (t— 3). « — (1V-2.8.1) 
From this equation any-of its unknown quantities, such ass, s’ 
Wa etc., may be determined, when all other quantities are known. 


Ex IV-2.9. Sp. heat of a water-soluble solid. 10g of commorm 
salt are heated to 97°C and dropped into a calorimeter containing 
oil of turpentine If the mass of the oil is 125g, its specific heat 
0,43, and temperature 32°C, find thé specific heat of common salt 
when the water equivalent is 15 g and the final temperature 35°C, 


Solution: Let s be the required specific heat. 
Heat lost by common salt— 10 x sx (97-35) cal. 
Heat gained by the calorimeter and oil 
— (154-125 x 0,43) (35 — 32) cal. 

10x sx 62—(15-- 125 x0 43)x 3 
whence «0.333 (in cal g^? C71). 


Ex. IV-2.10. Determination of a high temperature with a 
calorimeter. An iron ball weighing 50 g is, heated in a furnace 
and dropped into 240 g of water at 30°C contained in a vessel of 
water equivalent 10g. If the temperature rises to 50°C, find the 
temperature of the. furance, given that the specific heat of iron=0,1.. 


Solution: Let t be the required temperature 
Heat lost by the ball=50 0.1 x (f— 50)cal. ^. 
Heat gained by water and the vessel—=(10-+240)(50 — 30) cal. 
Vo 5(t+'50)=550 x 20 or t= 1050*C; 


This is a method of pyrometry (pyros — fire) 


Ex, IV-2.11. | Determination of the specific heat of a liquid. A 
piece of glass weighing 100 g is heated to 95°C and dropped into 
olive oil contained in a calorimeter. The mass of the oil is 120g, 
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the mass of the calorimeter 150 g and its specific heat 0,1. If ‘the 
temperature rises from 30°C to 45°C, find the specific heat of the 
oil, given that the’ specific heat of glass is 0,22. 
Solution: Heat lost by glass--100x 0 22 x (95 —45)—=1100 cal, ^ 
Heat gained by the calorimeter and the oil 
(1:0 x 0.1 4-120;)45 — 30)=225 4 18005 cal, 
*  1800s4-225— 1100. or s=0.486. 


Ex. 1V-2.12. Determination of water equivalent of a calori- 
meter... A calorimeter. contains 70,2 g. of water at, 15,3°C, If 
143.7 g of water at 36,5°C are mixed with it the common tempera- 
turelis 28,7°C, Find the water equivalent of the calorimeter, 

Solution: Let the water equivalent be W g. 

Heat gained by the calorimeier— W(28.7 —15,3)—13 4 W cal, 

Heat gained by 70.2g of water in being heated from 15.3°C to 
28.7C— 70.2 x 13.4 cal—940.68 cal. 

Heat lost by the warm water—143,7(36,5 —28.7)— 1120.86 cal, 

13 4W 4-940.68— 1120.86 whence Wam 13.4 g 


Ex. IV-2.13. Calculation of common temperature. 50g copper 
are heated to 98°C and dropped into a calorime er containing 
100g of water at 30°C, If the water equivalent is 10g what is the 
final temperature 7 Specific heat of copper=0,09, 

‘Solution: Let the final temperature b= re. 

Heat lost by copper=50 X 0.09 x (98 — ;) cal, 

Heat gained by the calorimeter and water—(10 4-100)(; — 30) cal. 

== 110(:—30)—50x 0:09 x (98 —1) whence 12532, C (approx). 

How to handle thermal units properly. Handling units is 
never a problem when, in an equation, you write all the quantities 
with the unit symbols after their numerical values... If the unit for 
any quantity is not „given, its value. will automatically come out 
from the equation y YOU just treat the unit symbols as algebraical 
quantities, This applies not only to thermal problems, but to all. 

To illustrate it, let us treat the last'solvéd example above ` 
in pd Way stated. Take specific heat not ag a Tatio Sut in cal 
g^? et dé iS 
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Then, heat lost by copper==50g x 0:09 cal p-"C-1x(98-—rtyC 

=50 x 0:09 x (98—1) cal (as before). 

Heat gained by calorimeter‘and water—(10g+ 100g): (r—30yC 
x 1 cal g7* °C-2 because heat gained is mass of water x p. heat of 
water x temp. rise, and the specific heat of water is. cal prc 

Equating these you get (in *C). 

Ex, IV-2.14, A hot solid weighing 70g is dropped.in a, calori- 
meter of water equivalent 10g and containing 116g of water. Find 
tlie sp. heat of the solid if its fall in temp is 15 times as great as 
the rise in temp, of water. [JEE. 67] 


Solution: From the relation Hear lost—Heat gained, we have 
m4$, X fall i in temp=(mass of water + water equiv) x 
rise in temp 
Or, 70x sx 15t—(116--10)t Or, s= 126/(70 x 15)==0 12 


Ex. IV-2.15y An alloy contains 60% of Cu and 49% of Ni DA 
piece of it weighing 50g is heated to 80°C and dropped in a calori- 
meter of water equivalent of 10 g containing 90 g of water at. 10"C. 
Find the final temp of the mixture ; given: sp.ht for Cu=0. 09 and 
for Ni—0.11. [HS "8 ] 


Solution: Let m be the mass of Cu in the alloy piece and ‘that 
of Ni is (50—m), Then we have 
[m x0 09 4- (150 — m) x 0.11] (80 —.) (104-90) (t — 10) 
Now m=50 x 609,309 — mass of Cu. ; 
So mass of Ni=(150—m =208 ` 


+, 80x 0 09420 x 0. 11) ao Or 0.027:0.022)-20,049 


$ 
I 


100 
1213.27 C 


Ex. IV-2.16. Temp of equal masses ‘of three different liquids A, 
Band Care 12°C 19°C and 28°C, Mixture of Aand B results in 
a final temp of 16°C; that on mixing B and € produces a temp of 
23°C.: (Find-the resultant xpo when A and C are mixed," 

2 (LUT. ^76] 


' 
28 Hur 
Solution: Let their specific heats be SA, SB, SC. Now from 
the given data 
(1). mx Sa x (19 — 16) m x Spx (16—12) . Sa/Sp=3/4 
(2) mxScx(28— 23)=m X Sg x (23 —19) .-. Sp/Sc=5/4 


ste Say. Pa Let the required temp be t 


SB Sc Sc 
mXScx (28 -t)=mX SA x (t — 12) 


4: 28r SA. 15 i h sides from 1. we Sil 

fi i-127 sc ie Subtracting both sides from 

1-12—-284: 1 
t—12 16 


Or, 31 1—640—12—.628 Or, (—20.2*C 


Or, t—12=16(21—40) 


Ex. IV-2-17. Three liquids of equal masses at temp 1,°, t5? and 
t,'C of sp. heats 51, 59, Sg are thoroughly mixed, Find the 
common temp if t, 52, 1. r 


Solution: Let T be the common temp, obtained by mixing 
the first two liquids where t,>T>t,. Then 


ms, (t,—T)= T—13) Or, Tetas 
2 (&—T) MS ( 3) Or, 7. Puy. 


Again let the third liquid be mixed when finally the common 
temp be 7". where ts>T’>T. Then we shall have 


ms,(T’—T)-+-ms9(T’— T)emss(t, — T") 
Or, T's; 54 55) 5 ts T(s, 454) 5515 4-531 faf (1-59) 
(83 +59) 


Sots d- 5,0, 5,15 
Tim8atit Sota 5,15 
$1 +59+53 
Ex.1V-2.28.. A steel ball of mass 10g and Sp. heat 0/1 is 
dropped quickly from a furnace into a thick copper (s=0,09) vessel 
of mass 200g at 50°C, The whole is then dropped in a calorimeter 
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of water equivalent *20g and containing 180g of water at 20°C. 
Thermometer in it records a maximum temp of 26°C, Find the 
furnace temp and also find by calculation whether there will be any 
local boiling [ J.RE. 78 ] 


Solution : Let the furnace temp be °C. Then 
^ Heat lost by (the ball-copper vessel) =heat gained by 
| (water +-calorimeter) 
Or, 10 x 0.1(: — 26) +200 x 0.09(50— 26)—(180 --20)26 —20) 
Or, (t — 26) -18 x 24200 x 6 .. te 794°C, 


Again let i^ be the temp of the copper vessel when. the ball 
from the furnace is dropped into it: We then have 


10 x 0,1(794—1) 200 x/0,09 (1 — 50) 
Or, 794 -'—- 18(r'—50) Or, 1'=89:2°C 


Since the vessel temp is less than 100°C, there will be. no local 
boiling when the vessel is dropped in the water of the calorimeter. 


Note: Had the ball been dropped in the calorimeter directly 
without the auxiliary copper vessel which has absorbed 1200 
calories of heat, heating there would have been much greater, temp 
rise leading to miuch evaporation and loss of water. Further had 
the auxiliary vessel been thin it would have absorbed less heat 
and so greater amount of heat would have gone into calorimeter 
possibly producing local boiling. 


Ex. IV-2.19. 60 cu ft of water in a bath is heated by a gas 
burner, Calorific value of the gas is 600 Btu per cu ft and it costs 
95 p. per 1000 cu ft. Find the cost of heating the bath water 


from 55°F to 100°F assuming 70% of the heat goes to water. 
[.E.E. '81] 


Solution : Mass of given water=60 cu ftx 62,5 Ib/cu ft 
; _ Rise of temp=(100— 55°)=45°F pd S 
s: Heat required =60 x 62,5 Ib x 45°F=60 x 62,5x45 Btu 
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Let the volume of the gas burnt be V cu ft, So. heat from: the | 
burner is Vx 600. Btujcu ft, From the given datum I 


10% X Vx 600 Btu/cu ft=60 x 62.5 x 45 Btu 
OU V—-4018 cu ft. 


Cost of this volume of gas would be s Q0 X 95—38 p. 


T00Q 

Ex. 1V-2.20. Methods of calorimetry. Numerous methods are 
available for making calorimetric measurements, They may be 
broadly divided into two classes; 


A. Thermometric calcrimetry. Here changes in temp are 
recorded. This may be further sub-divided into, ) mon 
(i) Method of mixtures: All-our-preceding discussions fall 
under this head, 
feo (ii) Electrical cakirteeyes Here heat energy is supplied 
electrically which makes manipulations. much easier. and calculating. 
ithe energy input far more precise. : 


JA Satine. coil is embedded in the metallic solid or immersed 
m ‘the experimental liquid. If the heating current is J and flowing 
for ts under a P. D, of V volts then the electrical energy supplied is 
,Vit joules and heat developed is Vit/J cal where J is the mechanical 
equivalent equal to 4,2J/cul, Since the current can be controlled 
very precisely and no solid to be heated for long and transferred 


to the liquid gingerly, the experiment can be controlled closely and < 


made to yield precise results, " e 
“The vàriàtion-of sp, Heati of water as shown in fig 4-2.1,. was 
obtained from süch electrical experiments, 


ii)” Method of Cooling : Newton had established that provided 
not much heat is lost by conduction of heat through air, rate of 
heat loss from a body follows a definite law. 


Newton’s Law of Cooling : 2 It states that when a hot body cools. 
in air without appreciable ‘conduction of heat; the time rate of 
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cooling is proportional to the difference in temperature of ' the body 


and that of its surroundings. 


Newton however expressly stated the 
law to be valid when the body is not 


in still air but in a uniform current of air, * 
In symbois. 3. 
ad $ 
i I CE = 1V-2.9.1 
jr (08-09) Ko ( ) Al 
where gp and g, represent respec- pee temp?C 
tively the 'instanteneous temperatures .. Fig, 1V-2.6, SA 


of the body ånd that of the surrounding. í 
The relation will be deduced from Stefan's Law later, The-— ve 
sign indicate a fal] in temperature (fig. IV-2.6) . 


Apparatus 
Fig. 1V-7 (a) 


Determination of specific héat capacity of a liquid : 


_ Fig, IV-7.(b) 


A weighed: 


quantity of it is allowed to cool in a calorimeter and a cooling (i.e. fall of 


-i TEMPERATURE = 


Dx) 


Fig. IV;2.1(0) 


temperature with time) curve (fig. IV-2,7a 

and 7b) is drawn from | temp readings of 
the liquid every half-minute. The liquid 

is then replaced by an equal volume of 
warm water for cooling through the same 

range of temp. During cooling both 

the liquid should be well-stirred. 

(From the curves (Fig. IV-2.7c) time- 
intervals t," and fo "taken by the same 
volumes of liquid and water to fall 
dhiongh the'Same temp fdngeffom T, to 


Tx ^H wis dhe waterequivalent of the calorimeter, m the imass” of liquid. 
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and M that of water then applying Newton's law to the cooling of the - 
two liquids we arrive at the relation 


W+ms_ tr 
W+M ty 
"where s is the only unknown. 


Ex.1V-2.20. Temperatare of a calorimeter fell from 30.2°C to 
29.8°C in 2 min. and again from 27.7°C to 27.3°C in 2 min, 40s, 
Find the temp of the enclosure. 

Soluiton: Let t be the required temp. The rate of cooling in 
the first case is 0,4/120 and the average temp 3(30.2-429,8)=30°C 
and the temp excess (30 — 7) 

0.4/120—= K(30 — 1) 
K being the variation const. For the second case we have 
“similarly, 0.4[160— K(27.5 — t) 
t=20°C, 


Ex. IV-2.21. Some liquid is found to cool from 353K to 337K 
an 5 min, to 325K in 10 min, What the temp will be after 15 min, 
and what is the room temp ? [JE.E.'86] . 

Solution : (a) Let à be the required room temp. The average 
temp during the first interval is 3(353 -337)—345K and that during 
ithe second interval 1(337 4- 325)—331K. 


S 16/5=K(345— 9) 


and 12/5K(331—9) “Or, 4[329233—9 Or, y= 289K - 
I —6 


; 16 16 
A. = aaa = 
gan Ero dx as 289) 5x56 


(b) If T min, be the required temp then ' 


325—T 16 
Fase 025-289) Or, T=314.7 K 


B.. Latent heat calorimetry : You know that to change à 
solid to aliquid or the latter to a gas, heat is to be supplied but 
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the temperature does not change. So is the heat described as 
latent. Specific latent heat is fixed for a given substance and the 
amount of heat to change 1g of it from solid to liquid (latent heat 
of fusion) or from liquid to vapour (latent heat of vaporisation). 
Hence it is possible to measure a quantity of heat by noting the 
mass changing from one form to another by the heat supplied, and 
so to measure specific heat capacity of a solid. 

1. Black's Ice Calorimeter: It acts on the principle that 
when heat is applied to ice at 0°C a quantity of ice melts which 
is proportional to the amount of heat supplied, 

The calorimeter is a roughly cubical block of ice with its 
upper face sloping away gently from a wide deep central hole 
which may be covered with another piece of thick ice. Water 
that may have collected inside the hole is soaked out by soft rags. 
A small but heavy piece of the experimental solid is heated up 
inside a steam heatertillitattains the steam temperature, and 
quickly dropped into the hole and covered up. After sometime, 
the upper block is removed, the ice-cold) water that has’ formed by 

' the heat transferred from the piece to the surrounding ice is quickly 
soaked up by a piece of previously weighed blotting paper and as 
quickly weighed again, (Quickness prevents loss of cold water by 
evaporation) The difference gives the mass m' of ice melted ; the 
heat used up is m'L where L is the specific latent heat of melting of 
ice. This equals ms(100—0)=heat lost by the hot body of 
mass m and specific heat capacity s, 100 and 0 being the steam and 
ice temperatures respectively. 

^. msl00—mL Or, sem L|100m 

No radiation loss of heat occurs nora thermometer is required. 

Clearly the experiment is quite crude. 


2: Joly’s steam calorimeter: In this ERUIT as in the 
last, latent heat released due to condensation of steam on the 
experimental solid is utilised to find the specific heat capacity. 
Again, the specific latent heat of condensation of steam can be 
found from the same experiment, with a solid of known sp. heat. 


3 4 


K 


—— 
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The calorimeter (fig. IV-2,8) is a metal chamber A into which 
steam enters through T and leaves through — 
E, Through a hole H passes into A a fine _ 
wire suspended from one arm of a 
sensitive balance, carrying a smal! metal 
pan P. The experimental solid piece 
Bis placed on P and weighed. Steam 

‘is now. admitted into A where it 
condenses on the solid, the pan and the 
inside walls, This mass of water adds 


Th to the weight of B and P and raises 

them to steam temp. In a preliminary 

i expt the mass of water condensed on 
ise i t, 
Fig IV-2.8 P for the same temp rise is found ou 


If m be the mass of steam condensed 
on B to raise it from room temp # to steam temp, M the mass of B 
and s the specific heat capacity of its material and Z, the specific - 
latent heat of condensation of steam then po 
Ms(100—1)—mL, a 
Very similar to the expression in Black’s Ice calorimeter, But 
unlike it, Joly's steam calorimeter with a few more refinements 
yield high accuracy in results, 
Ex. IV-221. A 15 giron piece at 113,6°C is dropped in à. 
cavity of i ice block of which 2.5 g melts. Find the sp. heat of iron - 
if L is 80 cal/g, [C.U.] - 


Solution ; we know that Mst—mL 
Or, smL|Mtes2,5 x 80/15 x 113.60 
=0,11 
Ex IV-2.22, When a piece of metal of mass 48.5 gat 10,7°Cis 
exposed to a stream of stem 0,762 g of steam is found to. condense 
on it. Find the sp, heat of the metal, (L,—540 cal/g) - [LLT. '68] 
Solution; Note that the problem runs on the same line as out- 
lined above. So if the sp. heat of metal be taken as s then we have 
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Ms(100—1)=mL, 
Or, 48.58 (100 — 10.7) 0,762 x 540 
Or, s=0,095 


Problem : A copper ball 56,32 g in mass and at 15°C is exposed 
to dry steam at 100°C. Find the mass of water collected till the 
ball reaches 100°C (s for Cu—0,093 and L,—540 cal/g) 

(Ans. 0.83g.). [ Dac. U. ] 


Ex. 1V-2.23. Ice and water at 0° have densities of 0,916 g/cc and 
Igicc respectively, A metal piece of mass 10g at temp of 90°C 
is dropped into a mixture of ice and water. Some ice melts and 
the mixture contracts by 0,lcc at 0°C. Find the sp, heat of the 
metal, given L=80 cal/g. (LIT. ^64] 

Solution $ Vol of 1 g of ice at 0°C==1/0,916 cc and 1 cc of water 
weighs lg, "So on melting, 1 g of ice contracts by (! [0.916— 1) or 
84/916 cc, So for 0.1 cc of contraction (which is solely due to 
melting of ice) the mass of melted ice is I 


916 916, m 


0-1 x 216,.91.6 
X ga — 84 


So heat required to melt it must Fave come from the solid 
m,Xsx90—m;xL 


=. d0xsx 90m pee x8 50,097 


Specific heat of Gases: None of the above methods are 
Suitable for measuring sp. heat of gases, for a gas has two sp. heats 
one at constant pressure, the other at constant volume, Different 
amounts of heat are required to heat 1 g of gas through 1°C under 
these two diffezent conditions, If the mass of gas taken is 1 mole 
then difference in its specific heat becomes equalto the molar gas 
const R. 

i c,-C,=R, i 

when C, and C, are expressed in joules, We shall return to this 

discussion in the last chapter. 5 
However we shall not discuss any method of determining them, ’ 


IV-3 


EXPANSION OF SOLIDS. 
ae 


IV-3-1. Some demonstration experiments. When a solid W 
heated it expands; when itis cooled it contracts. The expansion 
Or contraction is so small that it cannot be seen with the unaided 
eye. It therefore requires carefully designed experiments to demon 
strate the effect, 

Solids expand on heating. (i) Expansion of a solid on heating 


- 
YM MMs 
= Fig, IV-3.1(a) 
Jt can be easily demonstrated with the arrangement shown in fig, 
-IV3.1(8). One end ofa thin metal rod is clamped to a stand. 
i P w x 3 : 


R 
Fig, 1V-3.1(0) 


‘The free end is placed on a pin which carries a light pointer. A 
Weight is hung from near the free end of the rod so that’ the rod 1 
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presses on the pin and keeps the pointer in position, The rod 
is heated by running a flame along it. It will be seen that the 
pointer is deflected from its position. When the rod is allowed 
to cool the pointer regains its original position, The explanation 
lies in the expansion of the rod due to heating and subsequent 
contraction on cooling. ^ 


(ii) Fergusson’s expt. Fig IV 3,1(b) provides a more 
sophisticated demonstration of the same, Rods (R) of same length 
and cross-section may be placed horizontally on grooves cut on a 
pair of stout iron cylinders 4 and B. A screw S prevents expansion 
ofthe beam to the right. To the left the rod pushes against the 
short arm of a verticallever P pivoted at O. Its long arm can 
move over a graduated scale, The rod can be heated from below 
by a row of burners, 


With rise in temp, the tip of the pointer moves to the right 
indicating expansion of R to the left. 


(iii) Gravesand’s Ball and Ring experiment : Fig, IV-3.2 shows - 


a ball A which, when cold, just passes through - 
the ring B, but does not do so when heated, 

(iv) Expansion of wire when heated 
electrically. A metal wire about 0.5 mm 
in diameter is hung from a hook and 
stretched vertically by a small weight. An 
electric current of several amperes is passed 
through the wire:so that it becomes red hot. 
As the wire is heated the weight descends , 
rapidly, It rises when the current is stopped. 
This provides a vivid demonstration of the Fig, 1V-3.2 
expansion of a wire on heating. Z 

To show the effect elegantly an iron wire about 2 m long is 
fastened to a hook A at one end (IV-3.3a) and to a weight W at the 
other , in between the two points the wire passes over three pulleys 
B,C, D. A iarge battery passes a strong current through it from 


Py 
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end.to end. A pointer P is attached to D which moves over a 
‘circular scale. g 
1 


@ 


iron wire 2m long 


(ron wire 


scale 


"V4 LUTTE) 
elongation 
N 


S 
N 
N 
N 
N 


A temperature 


N M N 
TTD eyETER 


Fig. IV-3.3 { 
With rise in temp the wire lengthenes turning the pulleys as | 
indicated as also Pand W descends, The elongation with rise in 
temp is shown in the adjoining diagram and note that the relation | 
is a linear one ( fig. IV-3.3b ), | 
Different solids expand differently. Different solids expand 
by different amounts under identical conditions, For demonstration | 
purposes a composite bar of aluminium and iron with a wooden - 


umimi ues 


tron ; l 
COLD 
I > 7 Sui p 
` aor : 
ta Kug 


Fig. IV-3.4(a) Fig. 1V-3.4(b) 
handle is shown in Fig, IV-3.4(a. On heating it bends with iron 
inside, 

Two metal strips of exactly equal length are. riveted together - 
[fig. 3.4(b)]. One is of brass and the other of iron, On heating, ' 
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this compound bar bends with the brass or the copper on the 
outside, On cooling it straightens again, The bending is due 
to the fact that one strip becomes longer than the other on 
heating. Brass or copper expands more than iron under the same 
conditions. 


1V.3.2. Co-efficient of linear expansion. When a solid is heated 
it expands in all directions ; but very often we are concerned with 
its expansion only in one direction, viz,, its length. We speak of 
this as the /inear expansion of the solid, 


Let |, be the length of a barata temperature ty, and Ig, its 
length at temperature ;,, Experiment shows that the elongation 
i.e., increose in length, (la —1,), is approximately proportional to 
(i) the original length 1, and to the (ii) rise in temperature (ta — t3) 
We may, therefore, write. 

I — l=, (tg — ta) (1V-3.2.1) 
where « is a small constant of proportionality whose value 
depends on the material, It is called the coefficient of linear 
expansion of the material. It should properly be called the mean 
coefficient of linear expansion between the temperatures fs and tg. 
Note that elongation being proportional to temp rise their relation 

_is linear as seen in fig IV-3.3b, Writing then, , 
1 -1 
X42m—3 1. e : 
Ila fa) 7 (IV-3.2.2) 

We may define « as follows; The coefficient of linear expansion 
is the change in length per unit length per degree rise of temperature. i 

Coefficient of linear expansion (abbreviated C.L.E.) 

d Increase in length Uu PES. (IV-3,2.3) 
Original kngih X rise on temperature 1.8¢ 
It follows tnat if /, is the length at a temperature t, of a piece 
of material :of coefficient of linear expansion <, its length /, at 
tem perature f; will be given by. : 


‘=h opns 7) (1V-3.2.4) 


—— : 
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It is easy to see that « is independent of the unit of length, t 
dependent on the temperature scale, In equation 1V-3-2 2, (=h 
represents the change in length per unit length and is a p 
number, In mentioning the value of « we must say if the chi 
in length was caused by 1°C or 1°F rise of temperature, «, therefo 

‘depends on the scale of temperature adopted, 

The meaning of a statement like “the coefficient of linear expa 
sion of brass is 19 x 10-6 per °C” should be clearly understood, 1 
means that for each 1C" rise of temperature a rod of brass expan 
by 19 x 10-6 part of its original length, In other words 


for 1C* rise of temperature a 1 cm long brass rod increases 
by 19x 107* cm ; 
» » » rt 1 metre » 19x10-* metre; 
9^7» D ^ ] yard » 19 x 10-* yard ; 
» » » 2: l units » 19x 1079 x7 unils, 


Values of « for some Substances. The following table g 
the values of the linear expansion of some common substance 


on the celsius scale, They are mean values between room tempera 
ture and steam point, 


Substance Substance 


[ee e 
Aluminium | 25.5 x 10-6 Brass 
Copper 167: os Bronze : 
Tron (cast) | 10:2 * Glass (crown) 

» (steel) | 10:5 to 11-6, » (flint) 
Platinum 845 uy » (pyrex) . 
Silver 18:8 Invar (64 Fe, 36 Ni) 
Zinc 263 


Quartz (fused) 


The International Prototype Metre, made of an alloy of 90%, Pi 
and 10% Ir, has a coefficient of expansion of $7 x 10-6 per "Cr 
The Imperial Standard Yard, made of 32 parts of copper, 2 parts 
of zinc and 5 parts of tin, has a coefficient of 17,7 x 10-6 per °C, 
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Example IV-3.1, A piece of copper wire has a length of 200 
cm at 10°C, Find its length at 100°C given 4-17 x 1075 per °C, 
Solution $ Here rise of temperaturee- 90C*, i ; 
Now, expansion of 1 em for 1C? risce- 17 x 1076 cm, - 
;, Expansion of 200 cm for 90C® rise==200 x 90 x 17 x 107* 
cm=0:306 cm. d: 
The length of the wire at 1009C—200:306. cm. 
Alternatively, we could apply equation IV-3.2.4 For this equation 
1, 200 cm, t, —10*C, ta= 100°C, 4=17 X 107? per °C 
V I-A — 1,)j 200(1-- 17 x 107* x 90)— 200.306 cm. 


Ex. IV 3.2. A piece of steel has a length of 30 inches at 15°C, 
At 90°C its length increases by 0.027 in. Find the coefficient of 
linear expansion of steel. 

Solution: Here rise of temp=90— 15=75 C°, 

Expansion of 1 inch for a temperature rise of 1 C° 

=0:027/(30 x 75)—12 x 107° in. 
.. The coefficient of linear expansion=12 x 107* per °C. 
Or, apply formula IV-3-2.1. 


Ex 1V-8.8. A rod of iron and one of zinc («/.—29 8x 10” ro 
each 2m long are heated to 50°C when the Zn rod is 0,181 cm 
longer, Find « for iron. iig (C.U.) 

Solution: Let dashed symbols represent Zn and plane ones. 
iron. Then 14 —200(1-4- 29 8 x 10-76 x 50) 


and 1, =200(1+«. 50) : 
and I —14 0. 1812200 x 29 8 x 10-6 x 50— 200 x 50x« 


—(29.8 x 10-6 — «x 10** : 
4—29,8 x 10-5 — 18.1 x 1u7*—1 1.7x 10-8/°C 


Ex. IV-3.4. One end of a steel rod 61 cms long is fixed and the 
other end presses against an end of a lever 10.5 cm from the ful- 
crum, On heating through 500°C the rod turns the lever through 
2°, Find the increase in length and « of the material ; (Pat. Uy 


d 5 f > * 
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Solution: Fig 1V-3.1 (b) gives you an idea, - 


Now me X22 9 rad-arc/ 


radius— arc/10.5 


22 .,10,5 


The arc—increase in length7 x 10:5 7^ x 19? 0.366 cm 


90 


0.366 cm 


7 90 


PED d -6 |J? 
^ *7ioscsopo 12x 10-*/'C. 


Problem : Two equal bars one of iron («—12 x 10-6 [°C) and 
the other of brass («e 18x 10-6/°C) each 80 cm long are joined 
together at one end and a needle 1mm in dia and carrying a pointer 


is clipped between their free ends, 


When the bars are heated the 


pointer rotates through 10°, Find the temp range of heating, 
(Ans 29.1°C) 3 (Oxf. & Camb] 


31V-3.3. Cause of Thermal Expan 


sion. It is clearly due to the 


tncrease in the average separation between the atoms in the sold, 


Ji 


Fig, IV-3,5 


` comè closer together, strong repulsi 
the P, E. curve rising steeply (F= — 


In Fig II-5.4 we have already 
Studied the relation between 
potential energy U and šepa- 
ration r of molecules The 
Same is shown again in fig 
IV-35. The curve is asymme- 
trical in shape. 

When the vibrating molecules 
are at equilibrium separation 
ro potential energy is à 
minimum (E). When they 
ve force takes over, as we find 
dUjd:). As they move further 


apart, weaker attractive forces (geatier slope of the curve) come into 


play. 


At a given temp 7’, the molecules have a given energy of vibra- 
tion, atomic separation periodically changes from a maximum to à 


LR REPRE UE, SR 
* For the more inquisitive Student 
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minimum the average st paration r, ro and the equilibrium point 
shifts to the right, At a still higher temp T,, we find rg>rs>To 
and the equilibrium point shifts more, and thus the solid as a 
whole expands, 

Thus the asymmetry in the P. E.— Separation curve is found 
to be responsible for thermal expansion. 


IV-3.3. Determination of the coefficient of linear expansion. 
In all solids the expansion is so s vall that we must either magnify 
the change in length before measuring it 
or use some delicate measuring instrument, 
There are many forms of apparatus of which 
we describe one which uses a micrometer 
screw, and is known as Pullinger’s apparatus 
(fig IV-3.5). 

The experimental rod R, about a metre 
long, stands vertically ina tube A mounied 
onthe frame F, A has two thermometers T3, 
T, inserted in Ato measurethe temperature of » 
R. It has also side tubes for inlet and outlet 
of steam and is surrounded by felt or some 
other non-conductor of heat. The top of R 
passes through a cork in A and through a Fig, IV-3.6 
hole in a glass plate G which rests horizontally 
on the frame, A spherometer rests on G. After the initial 
length J of ‘the rod has been measured it is placed in position 
and the central leg of the spherometer brought iato contact with 
the top of R. (This adjustment may bz accurately made by connec- 
ting one.end of an electric circuit containing an electric bell with a 
leg of the spherometer and the other end with R. When the contact 
between the spherometer and the rod R is established the bell starts 
ringing.) The spherometer reading is taken. The central leg may 
now be raised without removing the spherometer. The ioitial 


temperature t, of the ród is read off from T, and T,. 
Steam is then allowed to pass through A. Temperature of R as 


ANKA 
À 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
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indicated by T, and T, rises and finally becomes Steady. When 
it has been steady for some time the central leg of the Spherometer 
is again brought into contact with R and its reading taken, The 
difference in the two readings of the Spherometer gives the expan- 
‘sion x of the rod, The final temperature tg Of the rod is noted 
from T, and T4. We have ali the data to find the coefficient of 
expansion «, ]t is given by 
t x 


em Kt, — ty) 


1V-8.5. Thermal stress. Force of expansion or contraction is | 
enormous. The breaking’ bar experiment (fig, 1V-3.7) demonstrates 
that an enormous force is 
brought into play when a 
solid contracts or expands, A 
Stout iron rod fits across two 
slots in a heavy iron stand. 
The rod hasa hole through 
Fig. IV-37 one end anda screw at the P 
Other. A cast iron pin (about at 
5 mm in diameter) is passed through the hole, The rod is then ^ 
heated and clamped tightly while hot by means of the screw, 
When the rod is allowed to cool it is found that the cast iron pin 
Snaps owing to the enormous force of contraction, A slight modi- . 


< ‘Cina 


we know from definition of Y, that 


FA 
xk oll 


From eqn, 1V-3.23. we find for a temp, rise of 7 


(ll =at or ri 1e (ôl) — Yat (1V-3.5.2) 


Or, Paya tt ` (IV-3511) 
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ie. thermal stress is independent of the dimensions (A, 1) of the 
rod but depends on its material namely Y end «, Young's modulus 
and coefficient of linear expansion of the material, and temp rise. 


Ex-IV-8 5. Two rods of different metals (X, Y, ; %g, Yq) 8f 
game cross section A but different lengths are held end to end 
between two massive walls and raised in temp by 7°. Find the 
force developed between the two and. rod lengths at the higher 
temp. Assume that rods do not bend, cross-section does. not alter, 
walls remain vertical. $ i (LUT. ^75] 


Solution: Let F, and F, be the required forces. : Now 


ôl LAT ORA E BS ULT 
Fm Y, À um pud 1-1. , F=AT 2 
CAPUAM del ee 
AT (likit lata) 
“LIY la] Ya 
LAT Y, Ya (yi theta) +- 
I3 Ya +l Y, 


Mutual force F=F, =F, = 


Again had there been no mutual force the length of the first rod 
would have become 7, (1--«, T) but due to the opposite expansion 
of the other rod it suffers a fractional dimiputiou in length by an 
amount F/,[AY, 


LYTU 4; lg) 
Quem taal GUY, Plaka 


Similarly for (I, ,.. 


Problems (1) A composite rod is made by joining a copper 
rod 30 cm long (Y=13x 1010 N[m3, «=17X 10-8/°C) end to end 
to another rod of same cross-section so às to make arod Im long 
at 25°C, At 125° the increase in length totals 0.191 cm. If held 
between massive walls increase in length is prevented though temp 
rises. Find Y and « for the material of the other rod, [ ELT. ’79 ] 


[Ans, Y—11.1x 1029 N[m3),«e-20 x 10-9/°C) 


(Hint: 30x 17x 10-* x (125 25)— (100 — 30) «X (125 25) 
(81, +3/g)—20,191 T 


we P ba (gy D Est 
(CUP vi Yr (8l), TY 


2 
Pic! (pio go einig Y 
g ~an, 72 oV " 
OL ¥, e070 2 HEX 079 ] 


tension developed at 


(Ans. 1600N), [LLT. 71]. 

IV-3.5. Differential Expansion: In composite bars. (fig. 

IV-34) we noted that. their curvatures arise from different 

expansion of different metals. Let us 

take a pair of rods 4B and CD (fig. — 

IV-3.8) of different metals (4, and 4, ) 

of lengths 7, and 1,’ rigidly connected — 
bya crosspiece at a temp 7, so that 

BD=I,'—1,=d} j 

Ata higher temp fg their lengihs 

would be 


ae 


l=, [1 *a(f, =4)] 
andanje [1+4 (ta -15)] E 
Fig. IV-38 ". The new difference P/D' between 
their lengths would be 
dj —l' =la ly Tit (late — li )(ty +t) 
=d; (la — 1,«, (t, — ty) 

By suitable choice of materials and lengths we can make .BD’ 
vary with temperature in one of the three following ways— id 
A.- B'D' is not at all changed. The Principle is used in com- 
pensating clock pendulum for temp variation in Summer and winter. 

This is achieved by making /,«, «1, «, or lallus (1V-3,5.2). 
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ie. taking the rod lengths in the inyerse ratio of the coefficients 
of linear expansion of their materials, i 

B. The distance B'D' extends or shrinks. The shorter bar CD 
is made of invar (expansion with temp negligible) so that the relative 
expansion of B'D' with temp becomes much greater than a bar of 
length d,. 

If the longer bar is of invar, B'D' rapidly shrinks with rise in 
temp, This is the principle of thermostats to control temp of 
various devices. 


Ex. IV-3.6. A platinum rod 1.3 m. long has one of its ends fixed 
rigidly to a cross-piece along with a zinc rod placed parallel to it. 
If they are heated to the same range of temp and yet the difference 
in length between the two rods does not change find the length of 
the latter, Given «,,—9 x 10-6/°C and 4 „= 26 X 107 9C. 


Solution : From equation IV-3,5.2 we have 


Lena. 9x 10-*/C ei 1 =0,45 n 
13 26x10-9/C 
Problem: Find the lengths of a brass and an iron rod if at all 


temp their separation remains 5 cm. 
[ das. 15&10cm ] (3 Hint. }/(1—5)=18/12) 


C. Thermostat ; It is an automatic electric switch which closes 
when the temp reaches a certain temp and opens when it reaches 
another, One such is shown in fig. 1V-3.9(a). 

If the temp is low the-bimetallic strip is 
straight and makes electrical contact between. 

A and B, It is a strip made up of brass |. . 
and invar the former facing the electric | 
circuit contacts for the heater-element shown 
asina box. Asan example we consider an ra. 1V.3.9) 
automatic electric iron or an oven, When 

the temp has risen to the desired value, the strip has bent away far 
enough to break the electrical contact at A and B, thus breaking 


>. 
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the circuit, When temp falls the' strip Straightens out and re 


establishes the circuit again making the circuit, 

The starter supplied with your modern tube-light is a thermostat, 
"This device is also an element for automatically controling the temp 
of your bath-tub water. A fire alarm is also a thermostat in 
Series with an electric bell but with the the invar-side facing the 
contactside. The contact here is kept broken, On heating the 
strip bends towards the contact and on touchiag sets*the bell 
tinging to give the alarm, They may be installed in warehouses, 


' in holds of ships or in places where a fire may break out without - 


‘being quickly discovered, 

We describe -below a gas thermostat in which heating is 
controlled by the differential expansion of two metals as in 
bimetallic strips, 

Refer to fig 1V-3.9(b). The gas flows to the oven through a 
valve V, which has an invar stem. The stem is attached to the | 
«closed end of a brass tube which projects into the top of the oven, 


VALVE BEAD 


M T AAA ANTAL AL 


Fig. IV-3.9(b) 

As the gas burns and the oven heats up, the brass tube expands, 
But the expansion of invar is negligible, So the valve-head moves 
to the) left and partially closes the opening through which the gas 
flows, If the oven cools, the brass contracts and the valve head 
Moves to the right, increasing the gas flow. A rotating knob’ 
attached to the invar rod controls the opening of the valve, The 
‘position of the knob sets the temperature of the oven. 


4 


EXPANSION OF SOLIDS : 49 


The rate of supply of gas which will maintain the oven at a 
constant temperature is thus controlled by the differential expan- 
sion of brass and invar, 


Ex. IV-3.7.. Two metal strips each of length Jo and breadth d 
are so riveted at temp? that their edges coincide. Coefficients of 
their linear expansions are « and 
4° (&«). It bends into en arc 
when the temp rises by ôt. Find 
the radius of curvature of the 
bent bimetallic strip. 

Solution: Refer to the fig. 
Let the strip lengths at the higher 
temperature be /, and J, where 
1,=Io (1--«3t) and 15 —lo (14°61), 

Let the strips bend into ares of 
radii R and R'. Then 


1, — Rg—lo ( 1--«àt ) and (A) 
I, R'9—lo (14-«8t ) (B) 


Then obviously 9 (R--R)=lo (&— «.) ôt 


. V odo («-«) ot, .lo( 4—4) òt 
0n oS Raa a 
Again adding (A) and (B) wet get 

8 (R+R' )==2lo-+lo (x+% Jot 
2lo--lo. ôt (4+4) 


R+R'= 
" 0 
The mean radius of the bent strip must be then 


slo («-4) et[2d 


lof 24+( ata 901 2g 


Ræ} (R+R )=} 


E (a-a jot 
aer af (aa’)d 
ae yt " y 4) 


. Straight bar of thickness 0.1 cm, If it is heated to 100°C find the 


; outwards may be drawn in by 


50 E 


Problem : Two strips of iron and brass are riveted to forma 


radius of curvature of the bent bar. ( Ans $ 167 cm jf 


Ex.1V-3.8. An iron and a copper rod differ in length by 2em | 
at 50*C and also at 450*C. Find their lengths at 0°C, «'s being 
respectively 12 x 10-6/°€ and 17 x 10- /^C, [ J. EE. 74] 


Solution: Let lbe the length of the iron rod at 50°C, so that 
of the copper rod is ( 7—2 ) cm as its « is greater, Then 


4 E 


1 17 ^ 


TATE zA l=6.8 cm 
-/O8=/o ( 1412x 10-6 x50) ... (lo), , =6.796 cm 


and (lo)cu=4 796 cm 
Bimetallic thermometers (fig. | 
1V-3.10). The thermo-element here 1 
isa long thin bimetallic slip | 
curled as shown, The strip has 
brass on outside and invar inside, j 
On heating the strip curls up more, — 
the pointer moving to the right - 
, Though not much sensitive it i$ 8 | 
FipIVd9 small, compact device that you cal ' 

very easily carry in your pccket. 


IV-3.7. A. Some Advantageous Expansions E | 
(i) Steel Plates of boilers, ships or bridges are held together | 
by rivets, Rivets are fixed while 


hot, On cooling they contract: Al 


^2 
aud make a very firm joint ( fig, memi SERA E 
IV-3.10 , | 3 
(ii) Walls which h 
ave bulged Fig. 1V-3.10 


Passing iron bars through them across the building, To the extremi- — 


F] in * 
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ties of the bars are attached iron plates screwed upto the walls with 
nuts, The bars are heated and the nuts and plates screwed up 
tightly against the wall, When the bars contract they draw the walls 
with them. You have just seen what tremendus forces they 
develope because of thermal contraction, 

Iron rods in furnaces haye a set of ends sealed into a brick wall 
but the other ends are kept free to expand so as not to damage the 
the structure because of thermal stresses developed, 

(iii) Glass stoppers often stick to bottles, too tightly to be opened 
by ordinary means, Careful heating of the mouth ofthe bottle 
enlarge i it, when thestopper comes out easily. If a metal cap sticks, 
the cap itself is to be heated, 


B. Disadvantageous expansions and their remedies : / Expan- 
sion of solids more often than not causes inconvenience and calls 
for suitable remedies, 


() The rails on railways expand on hot days and contract 
at cold nights, The extremes 
of temperature may be fairly 
large. To allow for tke 
expansion and contraction of 
the rails a small gap is 
always left beiween the ends 
of adjacent, rails, The arrange- 
ment is shown in Fig. 1V-3.11;; ^: > ; 

The rails are joined by fish-plates bolted to tive rails; - Bolt" ‘holes 
are oval in shape and allow the rails jo move in the direction of 
their length, 


Fig, IV-3,11 


Ex IV-3.10. 390 miles pe Si Delhi Sis ‘Allababad, Find 
the tota! space left between the rails to allow for a rise in "temp 
Tos 36°F in winter’ to dui in summer. (4-12 107 SC) 

' (A UI 

Solution ; Total’ expectas miles x 12x 10-6/°C x (117 — 
36 xg SoC 0:2084 m. l 
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Problem : A gap of 0:5" inch, Separate rails 66° ft, long at 
10°C, At what temp will they join up 7 (Ans 67.3°C ) 
[ €. U., Gau. U. H. S. '83, Tripura 79] - 


In tramways however it is the common practice to weld rail 
‘together in order that the resistance to the flow of electric current 
through the rails to the earth may be the least, The rails are 
embedded in the road and Surrounded by granite blocks and 
concrete. This gives the rails much protection against temperature 
changes, The rails of a railway are fully exposed, 


(ii) The ends of a big steel bridge are not rigidly built into the 
brick work on which they rest, They are supported on rollers 
which allow them to expand or contract without damaging the 
masonry ( fig. IV-3,12), 


Fig. 1V-3.12 


Ex, IV-3.11 The steel span of a bridge is 0,5 km long and has 
to withstand a temp difference from 44°F to 116°F. jf «1075€ 
what allowance must be kept for its expansion 7 [J.E.E. *62] 

Solution: Since a temp diff 1°F is smaller by s of 1°C temp 
diff, we have K pha, 

.. Required Allowance=/, -li =hx;.t=5 X 104cm, 

(116 ~44)°F x 10-5 x §/°F=5 x 72 x(5/9) X 10-1 cm—10 cm, 

Problem: The Eiffel Tower in Paris is 335 m high and is made 
of steel («—12x 10-s/*C), 
summer (100°F) than in winter ( O°F 
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to expand ; but as glass is a bad conductor of heat the outer wall 
remains cooler and does not expand, This sets up large stresses in 
the glass, and it cracks, The risk is less when the wall is thin or 
when the glass has a small coefficient of expansion, The linear 
coefficient for ordinary glass is about 9 x 10-* per °C, Pyrex glass 
has a coefficient of 3x 10-6 per°C, It can be heatedin a flame 
without cracking. Fused silica ( quartz) has such a small co- 
efficient that a crucible made of it can be heated red hot in a furnace 
and then immediately chilled in water without cracking. 


Heating a stone often cracks it, This is seen when a piece gets 
into a coalfire, The outer layers ofthe stone expand before the 
inner layers become hot. So they break away often with a loud 
report, 


(iv) Glass and metal seals: Unequal expansion of glass and 
many metals makes it impossible to seal a metal wire such as copper 
or iron into a glass bulb. Platinum and some alloys have very 
nearly the same expansion coefficient as glass and are used for 
sealing. In modern electric lamps the leads which pass through 
the glass stem are made of an alloy of nickel and iron coated 
with copper, This alloy expands equally with the glass, 


Ex. IV-8.12, To thread a cu wire (2mm dia, at 20°C) through 
a'smaller hole in a carbon block for connection to the carbon 
anode in a transmitting valve the specimens had to be lowered to 
—80"C, Find the diameter of the hole at 20°C if«’s for Cu and 
C are 17x 10-*/^K and 5x -/^K respectively. . (Oxf and Camb.) 


Solution: 1C*—1K*, Let d be the required dia at 20°C, 
Then d'at —80°C=d [1—5x10-*(20—(— 80)]—0.9995d cm 
Similarly dia of cu wire at — 80°C —0.2 (1—17x 1076 x 100 )— 
0,19966 cm 
0.9995 d=0,19966 cm or d—1.998 cm, 


(v). To allow for the expansion and contraction of steam pipes 
they are provided with expansion bends or loops as shown in 


fig, IV-3.,13. When the Pipe expands or contracts the shape of the 
loop changes slightly. The Pipes 
carrying oil through . deseris ail 
ice-fields are also fitted with suh 
beads and loops to ailow for their 
expansion and contraction, They 
may also be laid in a zig-zag, 
loosely on supports, or have teles 
copic joints, the clearances sealed 
with asbestos fibres, | 
(vi) A telegraph, telephone or 
a power line is fixed between 
poles loosely, so as to allow fot | 
re its expansion and contraction, In 
Summer it is lónger and looser; 
in winter it is shorter and tensed, 
(vii). The distance between the graduations of a scale increases 
in summer and diminishes in winter, The graduations are correct 


ELI mm 


Fig. IV-8.14 A 


Fig, IV-3,13 


‘only at the temperature of calibration, Fo: high accuracy i 
readings a correction is therefore necessary, : | 
Fig 1V-3.15 shows the same steel ruler at two different tempera- — 
tures, On heating, every dimension of it expands in the same 
Proportion—the scale, the numbers, the hole and the thickness 
However the expansions here are shown much exaggerated, 2 
If the graduations be done at 9, at a higher temp g; it will ead 
less and ata lower temp the reading wil] be higher as you realise — 
from the above fig as well ag example IV-3.13^. ^ 


^s; True reading at 01 i$ (/4) scale reading (/,) x [ 1--« (04—8)]- 


, 
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Ex. Iv-3.18. _ A brass scale is correct at 20°C, The length of a 
rod as measured by it at 30°C is 50cm, What is the true length 


ofthe rod? (x for brass=19x 10-9 per*C) . 


Solution: A distance of 1 cm on the scale at 20*C increases to 


1419 x 10-8 x 10—1:00019 cm at 30°C. Therefore the distance 


the scale reads as 1 cm when it is at 30°C. is really. 1.00019 cm. 


The true length of the rod—50 x 1.00095—50.0475 cm. 


Ex. IV-3.14, A steel scale is correct at 0°C. The length of a 
0°C, is 45 metres, What is the length 


brass tube measured by it at 3 
and of brass 


of the tube at 0°C? « of steel=11 x 1075]C^ 
—19 x 10-5/C*.) 


Solution: 1 metre on the scale at 30°C is really 1+30x 11x 
10-5—1:00033 metres, 4 
4.5% 100030 metres. 


The true length of the tube at 30°C= 
100030 (1— 30x 19 


If it is cooled to 0°C, its length would be 45X 
x 10-6)=4-499 metres nearly: 


Problems. (1) A metrescale, made of steel, is correct at 10°C, 


What would be the correct distance between two consecutive cm- 
markings on this scale at 30°C and 60°C f 
A brass rod measured by the above scale at 30°C is found to be 
5 metre long. What would be the correct length of the rod at 
10°C s « of steele 12x 10-8/'C, « of brass 18x 10-5/C ? 
(H.S.86] 


measures a brass rod at 
he true length at 15 
[(H.S.'78 ]: 


(2) A steel tape is correct at 68°F. It 
50°C and finds it to be 1.5m, Findt 
«=11.2x 1076 PC 


Ex IV-3.15. The brass scale of a barometer reads correctly at 
0C («2.20x 10-8/°C). The bsrometer reads 15 cm at 27C. What 
is the atmospheric pressure at 0°C 7. (Ans 75.04 cm) (q(LLT.'77] | 
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Solution: All you have to do is to find the scale reading a 
OC. Now /,,= lo ( 1+<at) 1 
775 (1--20x 10-6 x 27). —75 (14-54 x 1075)—75,0405 om, 


Ex. IV-8.16. A steel meter scale is to be so prepared that the 

mm. intervals are to be accurate within 0,0005 mm, Find. the 

. maximum temp. variation allowable during the ruling of the 

mm mark ( Given « for steel—= 13,22 x 10-6/°C ) (I. I. T. 64] 

Solution: From the given datum 1 mm mark ruled may be | 
1.0005 mm, i 

1.0005=1(1 +13:22 x 10-6 X1) 

or, .0.0005—13.22 x 10-6 x ; 


uie SER S (ab ea 
iod 1322x107 = 37:8°C 


Ex. IV-3.16. A screw of pitch 0. 5 mm is so mounted thatit 
can move against one end of a 1 m long rod of which the other end 
is fixed. A circular scale attached to the screw has 100 div, At 
20°C the pitch scale reading is a little above the zero mark and the 
circular scale is 92 diy, At 100°C the linear scale is a little above 
4 div and circular scale reads 72 div. Find « for the material of 
the rod, [I. LT. 67] 

Solution: The least count of the Circular scale is 0,5/100. 
70.0005 mm, Hence the expansion of the rod 

e=( 4x 0*5.1.72x 0,005 )—- (0x 0.54592 x 0:005 ) 


72-0005 72—92 222 0,1190 mm 


inda 190 dci E EV 

o t= T00x gj (19/8) X10-32223.75 x 10 6°C 
IV-8.8. Compensated Pendulums & Balance wheels of watches: 
A. Thetime period of a 

Since its length increases in s 

and the clock goes ` ‘slow’, 

Arrangement must be made in 


Pendulum depends on its length: 
ummer, the time period also increases 
The reverse takes Place in winter. 
order that a clock ora watch may 


oS he 
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keep correct time in all seasons. Such clocks or watches are called 
‘compensated’, The effective length ‘of a pendulum is the distance 
between the point of suspension and the 
centre of gravity of the suspended system. If 
this length remains constant the pendulum 
keeps correct time. The pendulum bob is 
mounted on rods of two different materials in 
such a way that the downward expansioo of 
one rod is equal to the upward expansion of 
the other. This is diagrammatically shown 
in fig IV-3.15 Let] and 7 be the lengths 
of the rod and a and a’ their coefficients 
of linear expansion, Their expansions for t° rise of tempera- 
ture are lat. downwards and l'a't upwards, The distance of the 
centre of gravity of the pendulum from the point of suspen- 
sion will remain unchanged if 
lat=l'a't 

or, I| —« |a (IV.3.8.1) . 

So for unchanging separa- 
tion between point of suspen- 
sion and center of the bob the 
lengths of rods should be in the 
inverse ratio of their «^s. 

The coefficients of iron and 
zinc are 000001 and 0:000028 
per ^C respectively. Hence 
zinc rods used for compen- 
sating iron rods willhave less 
than half the length of the 
latter. 

B. The clock BIGBEN on 
the Parliament House in 
London uses zinc for compen- 


sation. Its pendulum is as Fig. 1V-3.16(b) 
have the pendulum 


Fig. IV-3.16(a) 
shown in the fig. IV-3.16(a). Smaller clocks may 
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rod made of *invar', an alloy of 64% iron and 36% nickel, ( The 
name is derived from ‘invariable’.) It has an expansion coefficient — 
of 0:9 x 10-6 per °C (about 1/13 that of iron) The very smali - 
expansion of thc invar rod is compensated by a brass: tube 
[fig IV-3.16(b)], i 


€. Compensated balance wheels of watches, In watches the 
movement of the hands is controlled by the balance wheels which 
execute rotational oscillations under 
the elastic control of a steel spiral hair- 
Spring, The time of oscillation depends 
on the effective distance, the. radius of 
gyration of the rim of the wheel from 
B: the axis of rotation The rim is made 
of iwo metals, the outer being more 
expansible, This bimetalic rim is made 
in two or three Parts (fig, IV.3.17) 
each supported by an arm of the wheel. 


Fig, IV-3.17 


Ex.IV-3.18. A Compensated seconds pendulum has a zinc disc 
as the bob of an invar rod, Find the lergth of the rod and the 
radius of the disc, Given g=980.7 cm/s? and tzn 726.3 x 1076C 
and Xin 0.9 x 1076pc. : $ 


Solution: Tt being a seconds pendulum (T= 2y Nijg=2s) we 
have the effective L=g/n? =99 36 9m —1— / where ] is the length 


of the Pendulum and /' the disc radius, Now from the relations 
L=l— land lll =4'/x4 we get ` : 


—_S——~—Sh 
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; 
= E and l' = E 
x—« X —« 


263x106 x9936. Tias 
ES 10-9(26.3 — 0.9 102.9 cm and Į =1—L=3,52 cm 


D. Old compensated Pendulums : Graham's Mercury Pendulum 
The bob is a pair of glass cylinders in a frame with mercury 
and the rod is ofiron, With rise of temp the latter extends 
downwards which is balanced by the upward expansion of mercuty. 
The amount of mercury can be varied so as to maintain the separa- 
tion between its C.G and the point of suspension of the rod 
invariable. 


(b) Harrisons Grid Iron 
Pendulum [ fig 1V-3:18 a and (b) J 
Since cocfücients ‘of linear expan- 
sion of brass and iron are in the 
ratio 33 2, two rods of the former 
and three of, the latter, all. of 
about the same length will have 
their total expansions equal and 
may be made to provide an inva- 
riable length, as indicated in the 
sketch (a), They are so connected 
in series alternately that while 
iron rods expand downwards the 
brass rods do so upwards, keeping 
the effective. pendulum length 
constant, An actual arrangement 
shown in (b) contains 5 steel rods 
and 3 brass ones, Scrutinise and 
you will find that effective expan- 
sion involves three of steel and two 
of brass rods, only. The pendulum is clumsy and has long been 
discarded, j ! 


(b) 


(a) 
Fig, 1V-3.18 


60 mur 

It is described only to illustrate the differentia! expansion o 
different metals, 

Ex IV-8:19. What must be the relative lengths of brass (= 
19x 10-6/°C) and steel (*=11x 10-6/°C) rods used in a grid-iron 
pendulum p [Pat U. Gau, U) 

Solution: If land /' be the lengths of brass and iron rods then - 
from the relation Il — «' |« we have the required ratio to be 11: 19 

Ex IV-8.20, A grid iron pendulum consists of 7 iron and 6 4 
copper rods, If each iron rod is 1:5 m long find the length of a 
cu rod given that Xp, —12x 10-6/°C and 4,,=17x 10-6/°C, 

Solution: Refer to fig IV-3,18(b), Note that here 4 iron and 
3 cu rods are effective, Then 4J— 31' and Jr = «'J«. 

x ee Or — 141m » 

Problem. A grid iron Pendulum is made of 5 iron and 4 brass j 
rods, If each brass rod is 50 cm long find that of each iron rod, 


E. Loss or gain of time due to change of temp of a Pendulum 
Rod: With change of temp at a given Place the length of a 
pendulum rod changes and so is of fixed length of 864000s, 
does its time period, Since a day with rise of temp, length increases 


> 
dt ra ^ 
BOTT Tiar dee ctun (1V-38.2) 


At the end of the next day it loses 10s, jf *=17 x 10-6/C find 
[ Pat U., All. U} 
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Solutions Here dn= — 10s n=86405 
Fagg -PXITK 10^ xr Or 1=19-C 

Ex IV-3:22, An iron pendulum (7 — 36 x 10-8/°C) keeps correct 
time at 20°C, If temp rises to 40°C how much will it gain or lose 
per day 7 EAN 77] 

Solution: Here n=86400s. «—7[3—12x 1079/C, t=+20°C 
Then dn= —in«t--—i86400x12x1075x20 s 

= — 864 x 12 x 10-78s= — 80:36s It will run slow. 

Problem. A brass pendulum («= 18 x 10-6/C) beats seconds 
at 30°C. What will happen if the temp is held const at 20°C? 
(Ans ¢ 7771s fast/day) [C. U.] 

IV-3.9. Coefficients of surface and volume expansion, When 
the length of a body changes with temperature, the area of its 
surface as well as its volume undergo changes. 

A. Def : (1) The coefficient of superficial expansion is the change 
in area per unit area per degree rise of temperature, If S, and 
S, are the areas of any portion of the surface of a body at . 
temperatures ¢, and żę respectively, then the coefficient of 
superficial expansion is 

So- S. 3s 
= ain —ÁSH. (IV-39'1) 
or, Sg=S, {1+ — t) 4 A) 

(2) The coefficient of cubical expansion is the change in volume 
per unit volume per degree rise of temperature. If y, and V, are 
the volumes of a body at temperatures 1; and f, respectively, then 
the coefficient of cubical (or volume) expansion is 

- 8V 
"E ay ~ Vat (IV-3:9'3) 
or, Vae V, {147 (to —4)) (1V-3.9,4) 

Like the coefficient of linear expansion, these coefftcients also 
depend on the temperature scale only and are expressed in per °C 
or °F as unit, ; 

The coefficients: p and y defined above are: realy the mean 
coefficients between t; and ty. 24 


Y 


B. Relations between «, f and 7 : 1 
Let a square. of sides / cm be heated through 1C*, Each side]. 
becomes 7 (1--«) cm and the area /3 (14-8) cm2, E 
P(Y4-) (14-4)? or 1H-8—1-4-2« 4-«, or p E 
(4* being neglected as « is very small), d 
If a cube of sides / cm be heated through 1 C°, the sides become _ 
(1+) em and the volume is changed to /? (1-47) cm3, "A ' 
A 19(1-+-7)m=]3(1+-4)8 or, 1-- 7 — 1--3« --3«3 «2 or, y=34 1 
(«*, 4° being neglected), 2d 
[Since « is very smal), 42, «3 are smaller still, For example, if 
« is 0-00001, then «%=0'0000000001 and <=0'000000000000001, 1 
We are, therefore, justified in neglecting «2 and «3 compared 
with «]. 
Thus A= gp=17 (1V-8.9.5.) 


* The above relations can be very easily deduced by using . 
calculus, Note that when changes are very small, 


de e dS) at dt 
OET Ba Tum qn 


dV — d(I9) 312. d] di 
and = = = 3 3K 
C TR Ur MET 


1V-9.10. Expansion of a hollow vessel. (a) A hollow vessel 
will expand as if it were solid. Its expansion will be outwards, 
not inwards, Inward expansion will reduce its surface area. But, 
heating causes expansion of the surface area.also, : , 

(b) If an annular ring is heated, its inner diameter will increase, 
The: circumference of the inner ring will undergo linear expansion 
with rise in temperature, Hence its diameter will also increase. 

2 (A hollow cylinder of diameter d and lenth / will change) its 
dimensions to d(i+.2) and K1--«f) where « is the coefficient of 
linear expansion of its material and ; the rise in temperature, The: 
old volume Vind2), The new volume Vi=4nd*(1+-at)21(1-+at) 
=4%d71 (14ar?=y (14 3at+30272 +e®ty=V (14 3at) = Ve 4-705. 
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where m 34 — coefficient of cubical expansion, (4342 pri «*:* are 
ignored because of their smaliness). 


IV-3.11. Change of density with Pelias The density 
of a substance is its mass per unit volume. Since the volume of 
a given mass ofa substance changes with temperature while. its. 
mass remains constant, the density undergoes a change with change 
of temperature, i , 

Consider a body of mass m. Let V, and p, be its volume and 
density respectively at temperature 7, and V, and pj the corres- 
ponding values at 15. Then from the definition of density we get 


mV, p; —Vgp5 =V, {1 1 d5 — t.) Pa from eqn IV-3.9.4 


uai ar 
1+7 (t2 —5) 
-p;-2(ti—f5)» since 709-47) is small, 


OM pi (1V-3.11,1) 


Writing t for (tg — ti) we have Co 
Psi (1—7f) (IV-3.11.2). 
if the values of p at two tecperatures are known. These 
equations may be applied to find 7. i 


Ex IV-8.23. The density of lead at To is 11. 34 dci What 
is the density at 100*C, given that 4 of lead —28 x 1075 , Pet °C? 
Solution s The coef. of volume expansion 7 —3« 
—3x28x10-5—84 x 1075 per °C. 


From equation IV-3.1L2 94 —£3(1— 71) 
= 11-34 (1—84x 10-* x 100) = 11:25 g/ems. 


Ex IV-3.24. Show that change in density AP for a rise in temp 


of aż is given by Apo pr. T. 
Solution: From eqn, 1V-3.11.2 we find 


E SOOAPEIPAT 
H 
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Ex IV-3.25. A uniform pressure p exerted on all sides ofa 
cube reduces the volume at a temp z. By how much the temp is | 
to be raised so as to restore the original volume with the pressure | 
still on. Coeff of volume expansion is 7 and modulus of volume | 
elasticity K, : [LLT. ^78] 


F 
Solution: Let the change in volume be — 3V and required rise | 
in temp ôt. Now by definition. t i: 


1 


et , ke La P N Lor 
A= soy ae Now? Vat 
Or gta — 2 tet be the initial and V” the diminished 
Vr 7K 


‘volume and ;' the temp at which the volume is restored, Then 


Or V]V-1-VIK-(K-V)[K or VIV — R((K — V) 


seti opere tm 


LS 
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1V-41. Real aad apparent expansions of a liquid. A liquid has 
no shape of its own ; it readily takes up the shape of the container. 
We cannot therefore speak of linear or superficial expansion of 
aliquid. Liquids have volume expansion only, The expansion of 
liquids is roughly ten times that of solids, i 

The volume of a liquid varies in a complicated way with tempe- 
rature, In general, the relation is of the form ki 


V, —V,(1--at--bt? 4-ci? + +++) 
where a, b, c are constants of fast diminishing magnitude. 


For example, for mercury i 
V,=V,(1+18144 x 10-4147016 x 10-9124286 x 10711832) 


Mercury is a liquid of expansion rather much more uniform 
than that of others, for here b is much smaller than a, See fig IV-4.2; 

When a liquid is heated the container isalso heated along with 
itand expands, The expansion of the vessel masks the expansion of 
the liquid and makes the latter appear smaller than its real value, 
ie, the apparent expansion of a liquid (i.e., the expansion of a 
liquid that we see) is less than its rea] expansion. 

To show the expansion of a liquid and that of the container, 
Take a litre flask filled with coloured water. 
Fit a cork to it through which passes a 
glass tube with a narrow bore (fig. IV-4.1). 
By pushing in the tube or pulling it out as 
and when necessary, the level of water in- the 
tube may be made to stand at any desired 
height (say at A). Pat an ink mark there. 
Now plunge the flask suddenly in hot water; 
the water level in the tube sinks. The 
reason is that the flask has expanded due to 
heat, but no heat has yet entered the liquid. 
Later as the liquid heats up the water in the tube rises and 


^ 
- 


Fig, IV-4,1 


5 
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moves past the former mark 4, say upto C. Fig, IV-4.2, shows’ y 
the expansion of different 


105r— 

Ht liquids for the same rise in - 
d temp. 

S 103 : 
Š iàdi IV-4.2. A. Relation between 
5 10d real and apparent expansion. 
bol LL In fig 1V-4,1 let A be the 
S 106 haa dul |] initial level of water in the 


tube at a temperature fj, B. | 
the position which the level 

Fig. IV-42 would occupy if the vessel 
alone expanded to temperature /4 without any expansion of the 
liquid and C the final position of the level when the liquid is also 
at fy. 2 


(a) temperature 


The apparent expansion of the liquid is AC while its true 
expansion is BC ; AB is the expansion in volume of the vessel, all 
for the same rise of temperature from 14 00 fg. 


From the figure BC —AC--AB 


Or, the real expansion — thc apparent expansion 
+the expansion of the vessel. 


B. Coefficients of real and apparent expansion. So for liquids i 
we have two coéfficientsy the coefficient of real (or absolute). — 
expansion and that of apparent expansion, 


(i The coefficient of real (or absolute) expansion (y,) is the 
true increase in volume per unit volume of the liquid per unit rise 
of temperatnre, 


(li) The coefficient of apparent expansion (y,) is its observed 
increase in volume per unit volume per unit rise of temperature 
Y, is the value of the coefficient of expansion as we find it when 
we ignore the expansion of the container, In finding y,, we have 
to consider the expansion of the container. 


* 
* 


r 
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C. Relation between coefficients of real and apparent expansion. 
Let V, be the volume of a given mass of liquid at the lower 
temperature, 
V be its true volume at a temperature 1°C higher than the 
former, 
V' be its apparent vclume at the same higher temperature, 
y, and 7, te its coefficients of real and apparent expansion, 
7, be the coefficient of volume expansion of the material of 
the vessel 
Then V — V, =the real expansion of the liquid. 
.V — V, =its apparent expansion, 
and V,/;t—the expansion of the vessel. 
Then Real expansion = Apparent expansion-|-Expansion of the 
vessel V-V,=(V'-V,)+V,7,t 
By definition, the term on the left hand side of the equation 
is the coefficient of real expansion, and the first term on the right 
hand side is the coefficient of apparent expansion, 
x uc f= à 25 (IV-4.2,1) 


The initial temperature may be 0°C ór have any other value, | 
This shows that whether ‘we consider the zero coefficient oF the 
mean coefficient, we get the result that, «m | 

The coefficient of real expansion of a liquid — its coefficient of 
apparent expansion--the coefficient of volume expansion of the 
material of the vessel. 

As for solids, if the initial temperature is 0°C, we call the co- 
efficient the zero coefficient, - If the initial and final temperatures 
are t,°C and /,"C, then then the coefficient isthe mean coefficient 
between 7, and /;, Note that the zero coefficient is also a mean 
coefficient—that between 0°C and °C, It is not necessary to take 
V, always as the value at 0°C, while the temperatures of observa- 
tion are 7,° and t;°, both different from 0°C, 


> 
4 
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If V, =volume of a mass of liquid at #,°C, 
V, — Volume of the same mass of liquid at t,°C, 
then the mean coefficient y between t," and f,° is 
P-V, (IV-4,2,2) 
Ville — 1.) 


or, V, VET (s. - 1). (1V-423) 


Y, 80 defined, will be the apparent or true coefficient according 
as the volumes are the apparent or true volumes of the same mass 
The following table gives the values of mean y , of some liquids 
over a small range around 18°C, unless otherwise stated, The 
values are per °C, The expansion eoefficient generally increases 


with rising temperature, 


Substance Substance 2 


CESTA Diss alle 
Water (5° to 10°C) 
» (10* to 20*C) 

» (20° to 40°C) 

» (40° to 63°C) 


Mercury 181x105 ` 
Glycerine 47x 1075 
Benzene 122x 1075 
Sulphuric acid 


5:3x 10-* 

15:0 x 10-5 
302x10-5 
45 8x 10-5 


» 60° to 80°C) | 587 x 10-5 (pure) 56x 10° 
Chloroform 127x 10-5 | Olive oil 70x10" 
Pentane 155x 10-5 | Alcohol (Ethyl) | 108x10- 
Ether __163x 10-* | Turpentine 96 x 1075 


©, 1V48. Change of density of a liquid on heating. Though 
expansion of the vessel masks the expansion of the liquid, it cannot 
affect the change in its density with rise in temperature, The 
Coefficient of real expansion bears a simple relation to the change 
in density and may be determined from observations on the latter. 


Let V, be volume of a given mass m of a liquid at the lower 
temperature, 
V be ils true volume at a temperature °C higher than the 
colder temperature, 
P. be density of the liquid at the lower temperature, 
P be its density at the higher temperature, 


u 


EXPANSION OF LIQUIDS E 69 


and y 7exthe mean coefficient of real expansion between the two 
temperatures. 


Then p, =, p= and V=V.(1+7,1); 


p 
Pat m om ihn 
$0 PTVLUSXLU Vee 
ELM (1V-4.3.1) 
n PTH 
When 7 ,t is small enough we may write by Binomial Expansion 
p= p, (12-7,)7! =p, (1 —7,t) (IV-4,3.2.) 


Example IV-4.1. A glass hydrometer reads sp. gr. of a liquid 
as 0,92 at 45°C, What will it read at 15°C (7 ,;=52.5x 10-5/°C 
and 7, =2.4x 10-5/*C) 7 (Pat. U.) 

Solution : [n the cgs system sp, gr. and density are numerically 
the same, Let V and V' be the volumes of the hydrometer at 
15°C and 45°C and p and p' be the densities of the liquid, Then 

V'=V(1+72) and p'=pil—7,,2) 

Again the mass of V volume of the liquid — Ve 

Now V—V'(14-71)- 9 V'(1—71) and ge p(14-7,1) 

eC Vo-V(-r)pg(b--rn) 0 

^o pe T — 2 x 10-5 x 30) 0,920 (1 +52,5 x 107* x 30) 


—0,9345 TR 
Ex. IV-42. A cylinder 20" high floats vertically in mercury at 
(C, If the.common temp rises to 100° by how much will the 
cylinder sink p Cubical expansion of mercury between 0°C and 
100°C=0.018153 and linear expansion of iron between 0° and 100°C 
=0,001182, Sp, gr. of iron and mercury at 0°C are 7.6 and 13,6, 
af j [Pat. U.] 
Solution: Note that total expansions between two temp are 
given, not the coefficients, Hence 
7 Hg=18,153 x 10-8/100°C= 18,153. x 1078/°C, 
YFe=3X1,182 x 10-3/100°C = 3.546 X 10-8/°C. 


70 un | 
Let | and / be the immersed lengths of the cylinder, 4 and 4 | 
its areas of cross-section at 0° and 100°C, 


(0.)Fe= 7.6 X 62,5 Ibs/cuft and (p, )' Hg = 13.6 x 62.5 Ibs/cuft, 
**« (Pxoo)Fe 7.6 X 62,5(1 — 3.546 x 10-* x 100) 
(P100) Hg = 13.6 x 62.5(1— 18,153 x 10-* x 100) 
By the law of floation we have 
20x A, XP. X gel. X A, X(P.)'g (4) 
and 20(1-- 100«re). A, o0: P3008 =!1004100(P100) 8 (B) 
' From (A) we get pom a TENS 11,176 
From (B) we have 20(1 + 1,182 x 107 5)p7 (1 — 3.546 x 1073) 
=l oo, (1— 18.153 x 10-8) 
Or, 201.10, 001182) x 7.6 x 62.5(1 — 0. 003546) 
=I159(13.6 x 62,5)(1 — 0,018153) 


se lioo = 11.355", So the cylinder sinks by 
(11.355 — 11.176) =0.179”, 


Problem: The weights of 1 cc of water at 0°C and 4°C are 
0,999874g and 1,008, Find y, for water between 0°C and 4*C, 
Ans. (—3.15x 10-*fC) [ HS. '68) 
(Compare the value in the foregoing table) 


IV-44. Methods of Measuring the Coefficients of Expansion 0! 


» , aliquid, There are two broad classes—one for apparent coefficient 


the other for real expansion, The former may, be ‘called the 
method of envelopes and the latter the method of balancing columnis. 

A. Principle of method of Envelopes :) The liquid is contained 
in a bulb shaped container. When heated, some of the liquid i$ 
allowed to overflow and is weighed as in a weight thermometer 
Or it is forced into a graduated stem as in the volume thermometer 
ie., a dilatometer, 

(1) Determination of coefficient of Abarat expansion of | 


liquid. Weight Thermometer method. This can be easily dont 
with a specific gravity bottle, 


iv 
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(a) Principle : Let M, be the mass of the liquid required to fill 
the bottle at temperature t,*C and M; the mass required to fill the 
same bottle at ^C. As expansion of the vessel is small compared 
with that of the liquid, disregard the expansion of the vessel and 
assume that the vessel has the same volume at both temperatures, If 
p, and pg are the densities of the liquid at t;^C and tC respec- 
tively, then the volume V of the vessel is given by. — 


V=M,|py= Mal Pe 
But by Eq. IV-4.3.1, we get Pofl +7 (ta =t) =P1 
Here y is the coefficient of apparent expansion since we have 
disregarded the expansion of the vessel, 


" 


M, 8 _ Ps{l+7 (ts -t é 1-+7,(te—-t:) 


Mz Pa På i 

; M? M,- M3 (IV-44.1) 
or. (te —t1) = zs OE yam LL —— 
. ie Mg My\ta—t1) 


M,—M, is the mass of the liquid expelled from the vessel 
when it is heated from t,” to tg°C, and M; is the mass retained by 
the vessel at the higher temperature. Hence we may write 


fiue mass expelled (1V-4.4.2) 
«= nass retained x temp. rise 


(b) The experiment consists in... y 

(i) Weighing a dry and clean specific: gravity bottle when 
empty (Mass =m;) 

(ii) completely filling it with the liquid, inserting the stopper, 
wiping it dry and weighing again (Mass mg) 

(iii) noting the temperature of the liquid in the bottle (ti? C) 

(iv) heating the bottle in a water bath which maintains a 
steady temperature (t"C) for several minutes, The extra liquid is 
expelled through the bore in the stopper. 4 

(v) Noting the temperature of the bath (t,°C). 

(vi) Wiping the bottle dry, allowing it to cool, and weighing it 


again (Mass=m3). 


12 mur | 
Then m,—m,—M, and my—m,=M,, Eq. 1V-4,4.1 is then | 
applied. This gives the coefficient of apparent expansion. i 


(c) To get the coefficient of real expansion of the liquid, we 
may then apply Eq. 1V-4 2.1., if the Coefficient of volume expansion 
of the bottle is known, Or else we can proceed as follows : 


Pi M SVa M 
M Vere eso] 
But from eqn. 1V-4.3,2 we have P5/Pg=14+-7,(tg —1,) 
Equating, 1--7,(6, — t) - (M, |Ma [L+ (t -1] 
»_ M, - M, M; jM... 1V-44,3) 
Whence Mallat) My tI a ( 

The method is capable of high precision. 
It is said to be a weight thermometer for the 
temperature ż, of a liquid bath can be 
accurately determined if it can be held 
constant. A weight thermometer in actual 
use is shown in fig. IV-4,3, To fill it with 
liquid initially it is to be heated and cooled 
alternately with its mouth kept dipped into 2 
vessel of the liquid. 


Ex. IV-4.8. A weight thermometer weighs 50g when empty, 
163.13g when filled with glycerine at 0°C and 157,65g when filled 
with glycerine at 100°C, Find the Coefficient of real expansion of 
glycerine, given that the Coefficient of cubical expansion of glass 
is 27. 1078 per °C, 

Solution: From equation 1V-4.4.1 the-coefficient of apparent 
expansion of glycerine is 


Fig. IV-4.3 


mass expelled 
mass retained X temp. rise 
— 163.13— 157.65 qoi uds 
(157.6550) x100 107.63 — 10 
-. . Coefficient of real expansion = 0.000509.1-0,000027 
—(5094-2,7) x 10-5 °C —0.000536 per °C, 


—50.9 x 10-5/C 


Im 


a9 
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Ex IV-4.4. A vessel is completely filled with 500g of water 
and 1000g of mercury, 3.52g of water overflows on supplying. 
21200 cal of heat. Find y fo: mercury. [ LLT. 76 | 


[Given 7 for water —15x10-5/C, p for mercury and water 
13.6g [cc and 1g/cc respectively and s for mercury — 0.03 cal/gm/°C.] 


Solution : Let the rise in temp of water and mercury be t. Then 

500 x 1x 12-1000 x 0.03 x 1— 21:200cal .. t=40°C 
Expansion of water — V?,,t— 500 x 15x 107? x 40—3 cc 
Expansion of mercury —(1000/13.6) x 7 X 40 cc 


So total expansion —3-- 55 x 104 ec 


The volume of water expelled — 3.52] 
where p’ is the density of water after a 40°C rise, 
Now p" =p 1—7,t)=l1- 151075 x 40) 


3,52 j i 
fa Sitat. —3,52(1.06) = 3.54 cc 
Volume of expelled water— 76x 49-2 3.52(1.06) 


Now total expansion of the liquiés — volume of water expelled: 


3-- (4 x 10413.6) —.3.54 
0.54 x 13.6 E 
yn 094 X 125 gals E 
eit C 
y in glass be 1/6500, find the 
hermometer containing 400g 
` (Ans. 5.478) [ €. U. ). 


g ice contains 300g of mercury. 


How much mercury will overflow if it is maintained in boiling. 
water at 76 cm, of Hg.? (7. for mercury = 1/6500), Would the- 


overflow difier if the atmospheric pressure falls considerably ? 
(Ans, 4.558 ; Yes) [€ U.] . 


Problems: (1) If», for mercur 
overflow of mercury from a weight t 
of it at 0°C when heated to 90°C? 


(2 X glass bottle in meltin 


(2). By Volume Thermometer oF Dilatometer method. 
(fig 1V-4.4), It is a long glass bulb/attached with a graduated stem. 
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Of narrow bore up which a liquid rises on heating say from V, to y, 
Which can be directly read off. It is used chiefly for volatile | 
) liquids, Note that the liquid-in-glass thermometer 
is same as the dilatomer. With it a 
te Vi 2 
Vi(tg -1) 
is the usual formula, To find ?, let us remember | 
that V, is really V, [12-7 (t4 —7,)] where 7, isthe | 

Ve volume coefficient of expansion of the material 


Ya 


| 
of the vessel and V,Y,((,—1:,) is the volume) 
Vo expansion of the vessel, So à 


Increase in volume 
=", {i+7; (t,—7,)]- Vi=V, 7, (tj 1); j 
T AABAA (n6) 
Kg —1,) 
ret Agnes 
=, di 7; (1V-4,4.4) 


— an expression very similar to that for the weight thermometer 
Ex1V-46,: y for mercury is 18X10-5/C and « for glass i$ | 


8Xx10-5PC. Ina graduated tube mercury occupies 100 div. Find | 
the rise in temp to cause the mercury occupy 101 divisions. | 


[Lond. Matric] 


Solution: Let t be the required rise when the length of the 
Mercury thread becomes 100 (14-0,00018;7) 


Fig. IV-44 


+ 101 div=100 (14-0,000181) or Í div.— ee 


But each division of the tube is 1 +0.00008f div for 7°C rise. 
Td 4-0,00018/) = 1.1.0.000008; 
100--0,018; — 101--101 X 8 x 10-6 x1 
^s (18X 10-5 808 x Tope OS AM d 
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Ex Iv-46. A long uniform capillary, contains a 1m long 
mercury thread at 0°C. At 100°C the thread gets 16,5 mm longer. 
If 7,=18.2x 10-5,°C find 7 for glass. |H.S.'60] 

Solution: If A, be the area of cross section of the capillary 
at ("C and Aio% Of the same at 100°C then 4,997 A. (1--6.100) 
=A,(1+2«,100) where « and f are linear and superficial coeffi- 
cients of expansion of glass. Again the volumes of mercury at 0° 
and 100°C are respectivly 100 47cc and 101.65 4,59 CC 


.— 101.65 A, (14-24.100) — 1004 ps 
) L 2 5 
yL-- ——]qQ04.x10. z 1 218.2 x10 (given. 


101,65 — 100-200 x 101.65« — 182 or «=8.3x 10-6/°C 


The cross section. (S) of a mercury thermometer 
V, the volume of the bulb at O'C is just 
Find the length of the mercury 


Expansion of mercury==101.65 4,99 — 100 4.: ‘ 


Problem : 
remains constant and 
filled with mercury at ice point. 
column at °C (Ans. 1=V, ( — 3«MIS). 

B. By the sinker or upthrust method (fig Iv-4.5a): A glass 
bulb weighted with lead hin 
shots is weighed in a 
liquid at two known 

- temperatures ¢, and fg. 
Now if m, is the apparent 


loss in weight of the; bulb ; 
immersed in liquid at fy 


and mg; that at temp fa 
then by Archemedes 
principle we have A 
m,-v»,p, and m,— 
YaPa where m, is the 
weight of the liquid 
displaced by the bulb 
at t; and mg that at DA 
^C; wj and vj are also 


Fig, IV-4.5(a) 
the volumes of the bulb at the 


two temp, Then we have as for the weight thermometer 
m [ms — (v, [v,) (21/03) 
Then proceding exactly as there we get 


Plgfg—r,) m, 


Now we find m; ànd m, ; If the sinker Weighs wig in air, Wy 
in the liquid at 4, and w, in the liquid at ta then clearly mi | 
tW, -w3 and m, = Wı—Ws. Then in terms of these weights, 


W.-W W, — W, 


V= y 3 ay; 
(P Witt 7,) W,-w,* 
(IV-445) — 
andy, = W.-W, 0V-44,6) 


E 3. 

(W, — W,) 14 — 1.) 
In this method a continuous set of records 
may be taken in the course of a single | 
experiment and the mean coefficient between 


any two temperatures within the range 
Fig. IV-4.(5b) determined. 


The experiment can be easily carried out by a simpler 
hydrostatic balance as shown in fig IV-4,5 (b). 


IV-45. Change in Temp and Hydrostatic Balance Expts : 


A. Apparent loss in Weight of a solid in liquids of changing 
temperatures: As density of a liquid falls with rise in temp the 
force of buoyancy or upthrust on an immersed solid -diminishes 
and the solid appears heavier. | At the same time, the solid 
expands displacing more liquid thereby raising the upthrust. The 
change in resultant upthrust is the difference of the two AS 
Coefficient of yolume expansion for a liquid is generally ten times 
that of a solid, Joss in weight with rising temperature, diminishes: 

for the solid, à 
EU The. loss in weights of the solid at two temp is from above m; 
“and ma. We have Seen 


* 
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ma=VPą where Va Vol of displaced liquid . 
=Vol of solid at t, 
=V,(1+7#)p,(1—2,t) where 7 is volume coeff of the solid, 
=V, p(l +r- Voth = mi (vl - 7n) 
TmQ[1- (x; 7)t] (IV-4,5.1) 
neglecting the product 77,¢ which is of the order of 107! !£ 

So m,>mg and hence W,7» W, i.e, apparent weight of a solid 
rises with temp, 

Ex. IV-4.7, A glass piece weighs 47g in air, 31.53g in water at 
4°C and 31,75°C at 60°C, Find the mean coefficient of cubical 
expansion of water between 4°C and 60°C when that for glass is 
24x 10-6/°C 5 6, U-] 

Solution s Here m,—41—31.53—15,478 

aud mg-47— 31,75=15,25g 
From eqn IV-4,5.1 We obtain 
15.25 =15,57 (1 — (7, — 24x 10-*) x56] 


Or y. 0000024. 15.47= 15.262 021... 9000424 
de 0024— 1547. OKI AT ' 9 


y, 0000266/*C — 26,6 x 10-8/C 
Alternatively, Vol of glass at 60C— Vol of displaced water 


— 157g. Vol of glass at 60°= 15,47 [14-24 x 16-9. (60 — 4) 
15.49 — vol of displaced water at 60°C 


Again wt of displaced water at 60°C=47 — 31,75 =15.25 g 
2. Py at 60°C= 15.25/15.49 
Then (pg)e0=(be)s [1— 7(60— 0] 


15.25 _-y _ 7 56] for (ps) 71 810° 


1549 
1525 0°24 
Or 567—1-15297 1549 


Or y=0.24/(15,49 X 56)=27.6X 10-5/°C, 
Ex]V-48. A metal piece weighs 46g in air and 30g in a 
liquid of sp gr 1.24 at 27°C, it weighs 30,5g at which temp the sp. 
gr of the liquid is 1.20. Find « for the metal, {Li T. 74] 


] 
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Solution : Loss in weight at 27°C is 16g and at 42°C is 155g. So | 
the volume of the solid at 27°C = 16/1.24 cc. So for the solid 
Vag =(16/1.24) [14-7.15]—(16/1.24) [1434 x 15] 
Again at 45°C loss in weight=13,5g—=wt of displaced liquid 
Vol of displaced liquide 15.5/1,20 cc=vol of metal at 42C — 


16 115.5 ue “ape 
So we have j^ (1--45«) TX X2 23.1 x 10-9/^ 


Problem : A metal bob weighs 50g in air and 45 g in a liquid 
at 25'C and 45.1g in the same liquid at 100°C, Find 7 for the | 
the liquid if « for the metal is 12x 10-®/°C, (Ans. 30,6x 10-®/°C) 

- (20.73) | 

Ex1V-49. A sphere of diameter 7 cri and mass 266.5 g floats | 
in à liquid bath. As temp rises the sphere begins to sink at 35°C | 
Find 7 neglecting the expansion of the sphere if (o,) of the liguid | 
is 1,527 gjeo. l i 

' Solution; Vol of the sphere-4 x d*—4. 22 (7)3=179.6 c | 
When the sphere starts sinking at 35°C it must displace its own 
volume of the liquid of which the wt would be 179.6 p, ,. M 

=. 179.6 95, —266,.5gothe we of the Sphere, 
Or 054 77266.5/179.6—,. (1 — 7 ,1)—=1.527 (1 — 7.35) 


Or kee d zee EV E 
| OUT gx Ts OF o mix 10-4/°C 1 


B. Volume coefficient of a solid at different temp ranges cat | 
be found by the specific gravity method by weighing it in a liquid 
of known volume coefficient of expansion 7 at different temp. The 
weight of the solid in air and the liquid at two different temp ale 
taken from which its sp, gr at these two temps are found, .' | 

Let M=mass of solid, Vi, Va its volumes, p,, og its SP- 
Stavities at temp z, and z,, d,-end dj densities of the liquid at ` 
these temp then 21 —MÍV,d,, o5 M|V, dj 

oF pr/Pa=(ValV;) (dud). — "m 

Sir, 05-1) 47, (gh typ (qva 

`p, and o, the Sp. 
From known. value of 71 
$^ 


Sravities, are experimentally determined: | 
We can find 7, in the temp range (t4 — ti) 


CD amm | 
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IV-4.6. Determination of the coefficient of real expansion of 
aliquid: Dulong and Petit’s method. ‘This is also known as the 
method of balancing columns. The apparatus is represented in principle 
in fig, 1V-4,6. The arms AB and CD of a U-tube are surrounded by. 
a jacket each. The experimental 
liquid, say mercury, is poured into , 
the U-tube. When tbe tempera- 
tures of the two arms are tbe same, 
mercury stands atthe same level 
in both, Cold water is then circu- 
lated through one of thejackets and 
steam through the other, As the 
temperatures of the mercury columns 
change, the density changes also. 
Since under all circumstances the 
hydrostatic pressure due to one 
column is equal to that due to the. 
other, the heights of the columns in the two limbs of the U-tube: 
will be different when the 4emperatures are different. To prevent 
the flow of heat from one limb info the other the horizontal part 
AC of the U-tube is-kept cold, The temperatures in the jackets are 
read off from thermometers T, end Ta. P 


Fig. IV-4.6 


Let £C — difference temp, between the hot and the cold limbs... 

h, and. h= heights of the liquid levels in the cold and hot limbs. 
respectively above the axis of the cross tube AC. 

p, and p=densities.of the colti and the hot liquid columns , 


Since the hydrostatic pressures due to the liquid columns must 


balance each other, we have - ! 
he po Pb us 
hypog—hbg Or, Cue Um aer 1+-7;t, 
disi 
ir 


hot (IV-4.6.1) 


30 - HEAT. 


As in all experiments, there are some sources of error in this 
experiment too, For example, the temperature in either limb is. 
not constant and equilibrium is never established, Besides, the 
exposed columns of the liquid are at temperatures diflerent from 
those inside the limbs, The arrangement was later modified to 
minimize such errors, Callendar and Moss putting six tubes ia series, 

The determination of y, for mercury is a matter of great 
importance, From a knowledge of this value y, for any container. 
may be calculated, This is a better method than taking 7, to be 
three times the coefficient oflinear expansion, particularly for 
glass, Once Y, of a container is known, it may be used to find 
7, for any other liquid. Hence 7, forthe latter may also be 
found out. Since mercury is the liquid used in pressure gauges and 
barometers, an exact knowledge of its density is necessary for the 
accurate determination of pressures. ; 


Ex1V-4.10. A mercury column 76.35 cm long at 100°C 
balances another 75 cm long and at 0°C, Find 7,. [H.S. 79]. 


h—h, 7635—75 
i ee -a 
Solution $ Ye h.t meas 18 x 10-5PC 


Problem. A U-tube contains aniline, the limbs being surroum- 
ded one by melting ice and the other by steam. The colder limb 
is 31.8 cm long and the liquid heights in the two limbs differ by 
2.7cm, Find 7 for aniline, (Ans. 8.5x 107*f'C) 


1V-47. Two Related corrections, A, Barometer correction, I 
a barometer we measure the length of a mercury column by a metal 


scale, With rise in temp two-fold change occurs—(i) expansion of 


the scale graduations (see fig IV-3.15 and also the example of same 
number) and (ii) lowering of density and consequent increase in 
height for which corrections become necessary. 

(i) Scale correction: Ifthe scale reads correctly at 1C and 
the barometer reading taken at some other temp t, then the 
barometer reading k corresponds to a corrected height H given by 

Heh [14-« (t-t) (IV-4.7.L.) 


OOO Se Ee 
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where « is the coefficient of linear expansion of the material 
of the scale, 


mm mm 

A nomograph [fig (IV-4.7)) devised jin 350c 
by Mehmeke provides a simple method ay 40 
of correcting the ‘barometer reading for : 
temp if the scale is graduated at 0*C, »x04 ?? ae 
For example let the observed reading 
at 17°C be 751 mm, Join by a st line 7503 30-4 [- 25°C 
the corresponding points on the two 
scales, The intercept on the latter, 2.1 093.25 ud 
mm is the amount to be deducted 3s $ 
from the observed height to reduce the 420 
teading to 0°C. 750 5 15°C 

Ex. Iv-4.14. A barometer has a ^s ie 
brass scale correct at 50°F. reads 754 i E 
mm at 40°F, what will be the true 700 
height at 32°F, Given 4=18x10-8/°C, 501, 
7218x10-5fC [Utk. U.] cog °° 


Solution: ^ Since 1F—(5/9)C we ied cela 
have «j—$ 4,=10-5/F and 7—10- 4f F. 
Here t,=50°F a Fig. IV-4.7 


r. TSA O 40 50]. 754[1— 10-*]..753.32mm 
Pedal oil tis Si. Sie ESSURE = n 
2:277 jr [107 *(40— 32)] —19008 . 


Problem; Fiad the temp at which no temp correction. wouid 
be necessary if the brass scale has been correctly graduated at 
15°C, (Ans —1.76°C) 


(ii) -Density -correction $ The corrected barometric pressure 
should be Hpg where p is the density of mercury different from P, 
the density at 0°C, We have to find H, the mercury height at 
OC that will exert the same pressure as the mercury height H does 
at tC. Clearly then, 


6 


————=——— 
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H,p.geeHpg. o: H,|H—p|p, —1 7t 
H NAFUN ^ 
ns Es ey ae aveg] 
If however r,=0°C then 4 
Hæh (lat) (1+7,t)-t=h(1 +40) (1 — 7,1) 


=h [1— (7, — «)t] (since 7,1? is a smal! quantity). (V-463)| 
( Apply this formula to solve the sum above). 


B. Correction for Exposed stem of a thermometer, A| 
thermometer when measuring the temp of a liquid bath has only | 
its bulb inside but the rest of it outside the bath, Obviously its 
two parts are at different temp and so are the mercury in the bulb 
and the capillary, Some heat loss and so fall in temp would occur | 
at the capillary ; so a correction becoms necessary. kV 

Let a thermometer be so immersed in a liquid bath at iC that 
n of its divisions are exposed to air, Letitread 2’ and let t, b 
the mean temp of the exposed column, Let y, be the apparent 
coefficient of mercury in glass, To calculate ;—;' we take the 
volume of one degree division as the unit of volume, The exposed | 
n divisions are heated from 7, to ¢ then the expansion of mercuty 
would be n 7, (1— t, ), | 

Hence t—t'men 7, (r2 t,)enr, (t —t,) [for i=] — (1V-4.64) 


Ex, IV-4.12, A mercury thermometer immersed wholly i | 
boiling water reads 100°C, When the stem is so withdrawn that 
all the graduations above 0°C are at an average temp of p 
find the thermometer reading if 7,— 15.8 x 10-5/°C, 


Solution; Here 12100, n— 100, ta™= 10°C. | 
100 —14.100 x 15.8 x 10- «(100 10) 15 8x 1011 x 91422 a 

i'm 100— 1498. 6C; d 
Note; lf 1' is given, you can find 7,; 


IV-4.7. Anomalous expassion of water. A liquid "^ 
when heated ; but water at 0°C is an exception. When heated from 


Ld 


O ~&~«=—.. ae ele 
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(C water contracts as the temperature rises. This continues to 
about 4°C, above which point a rise in’ temperature catises 
expansion. Water, therefore, has maximum 
density at about 4'C, An exact knowledge 
of the temperature is important, since the 
litre has been defined asthe volume of one 
kilogram of water at its maximum density. 

A. Constant volume dilatometer. The 
anomalous expansion of water may be demon- 
strated by it, Fig, TV-4,8(a) represents a glass íd 
vessel with a tube of narrow bore fitted to 
it, The tube carries a scale, The vessel 
contains mercury which occupies 'one-seventh 
part of the volume of the vessel; The rest Fig, IV-48() —. 
is filled with water, which rises to certain height in the tube, 

In it the space abve mercury inside the flask remains constant 
at all temp, For, when the temp is raised, the vessel expands and 
the volume of the flask imcreases ; simultaneously mercury inside, 
expands reducing the empty volume within the flask, The volume 
of flask and that of mercury witbin it are so adjusted that their 
expansions (beiog opposed to each other) just cáncel out, 

Amount „of mercury in a éonst volume dilatometer can be 
calculated as follows: Glass has generally an « value of 
9x 10-9/°C ‘so that its y-value of 27x 10-*/C whereas that of 
mercury is 18x 10-5/°C, Let y be the volume of the flask and 
V' that of mercury inside, Let both of them be raised by PC, 
Then by the condition of the problem the expansions are equal, 

V? ,t—V Yt OF v [fort rum X007 8/18 x 197773120 

i e, mercury within the flask should have about 1/7th thevolume 
of the flask, 

Problems, (1) If a flas 
27x 10-#/°C ‘and 3/20 of its volume is occupied by mercury of 
6/°C\ show that the volume of the 
- [R.8. ^69) 


kis made of a material of? value of 


cubical expansion 180 107 
remaining space will not change with temp. 


——— 
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(2) What fraction of the inner volume of a glass vessel should 

be kept filled with mercury so that the remaining volume will be 

the same at alltemp 7 y for glas 

2,4%1078/°C and y for mercury | 

1,8 x 10-4/°C, (Ans: 25) [H.S;'8]] 

B. Working of the constant 

volume dilatometer and its 

0 4 8 n 16 20 findings: Since the cubical expan- 

(b) temperature sion of mercury is seven times that 

Fig. IV-4.8(b) of glass the inner volume of the 

vessel (not occupied by mercury) 

will not change when the vessel is heated, It is kept in melting 

ice for some time, when it acquires the temperature 0°C, The 

position of the water column in the tube is noted, If the vessel 

is now slowly heated it willbe found that the water column 

descends at first, showing that water at 0°C contracts on heating, 

This goes on till 4°C is reached, Beyond that temperature the 

water column ascends, The adjoining graph (fig IV-4,8b) shows the | 

results of the experiment where temp is plotted along the %-axil 

and the volume along the y-axis, Volume of water diminishes # 

temp rises from 0°C till 4°C, and 

then it increases. it is because 

of such behaviour that in the 

temp range between 0°C and 10°C 

water cannot be used as a thermo- 
metric liquid, 

C. Hope's experiment, The 
anomalous expansion of: water 
may be demonstrated and tempe- 
rature at which the density of 
wateris maximum may be deter- : 
mined by a simple experiment due Fig. IV-49(a) 
to Hope, A tall glass vessel Ap (fig IV-4 9 a) full of water has 4 
freezing bath C of ice and salt round about its middle, TW? 


O a ss — T A — 
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thermometers T, and T; are fitted into AB near ebout the top and 
the bottom, Their readings are noted before the freezing mixture 
is applied, As the freezing 
mixture cools the water in its 
neighbourhood, the water 
becomes cooler and denser 
and sinks to the bottom. The 
temperature recorded by the 
lower thermometer 7, gradu- 

TUME — 
ally falls until it reaches about 1V-4.9(b) 
A*C, By this time the upper 
thermometer T, has shown practically no change, While the 
reading of T, remains steady at 4°C, that of T, begins to fall 
slowly at. first, and then more rapidly until 0°C is reached, This 
shows that water is densest at about 4°C, Careful measurements 
show that the temperature at which the density of water is 
maximum is 3,98°C, The manner in which the two thermometers 
change with time after the freezing mixture has been applied, is 
reprsented in fig (1V-4.9 b). 


TEMPERATURE IN t-> 


* The reason for the behaviour of T, is as follows : After the water coulmn 


from the bottom B to the freezing bath C has reached the temperature 4C, 
further cooling at C makes the water lighter. It practically stays where it is 
until with further coollng ice begins to form. Ice being lighter than water rises 


to the top and melts thus gradually lowering the temperature of T'i. 


The density of water rises from 0.99987 g/cm" at 0°C to exactly 
8°C acquires 


1 at 4°C (by definition), It then diminishes, and at 
the same value as at 0°C, The diminution continues ; at 100°C 
the density is 0°9584 g/em?. 

D. Effect of anomalous expansion of water on marine life, As 
water cools below 4°C it expands and becomes lighter, pen 
ponds, lakes, rivers and seas in very cold countries freeze in pat 
marine life is saved from extinction by the anomalous expansion of 
water, As atmospheric temperature comes down the upper layers 


- NB eem, 
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of the lake cool, contract and sink to the bottom, This go es 
until the whole of the lake acquires the temperature of 4*C, yw 
the top layers cool further, the cooler water does not sink as i 
lighter than the water below, With further cooling the top lay 
gradually freeze, Both ice and water are bad conductors of hi 
So the lower layers are protected to a Breat extent against freez 
by the upper layers of ice and cold water, The result is that we 
continues to exist at the bottom though a thickness of ice 1 
have formed at the top, This enables marine life to contin 
Fishes can then live in lakes, ponds and rivers even in extreme ¢ 
because the water of the bottom remains liquid, 3 


IV-5 
EXPANSION OF GASES 


1V-5.1. Introduction, Gases expand much more than solids or 
liquids for a given rise of temperature, Moreover, a gas expands 
when its pressure is reduced, In determining the effect of tempera- 
ture on the volume of a given mass of gas, it is therefore necessary 
to keep the pressure of the gas constant, Such a restriction is not 
necessary for solids or liquids, as a change of pressure causes but 
an inappreciable change of volume in them, In addition mass of 
the gas taken, is relevant, for both the volume and pressure may 
change at the same temp for the same mass as Boyle's law tells you ; 
this does not happen for solids and liquids, 

So to explain the behaviour of gases we have four parameters 
or variables to consider, pressure, voiume, tempeiature and mass 
Ia stating the gas laws however, mass is taken constant. So in 
discussing them three relations arise taken two variables at a time 
. gut of the trio of them, You already know them—(1) Boyle’s law 

convecting changes of volume with pressure at const temp 
(2) Charles’ law connecting changes in volume with temp at const 
pressure and (3) Regnaul’’s oF the pressure law connecting changes 
in pressure and temp at const volume. 

Gases that obey them strictly, are called Ideal or Perfect gases. 
Most gases at low pressures and high temperatures obey them 
accurately, ; 
is-a-vis liquics, remember 


In conection with expansion of gases v. 
liquids for same rise of 


(1) Gases expand much more than 
temperature, e.g. nearly 24 times that of Hg. 


(2) They expand also with fall in pressure unlike liquids. 
ible while ligids are nearly 


(3). They are highly by compress 
incompressible. : 
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(4) All gases expand uniformly and almost equally for the 
same rise in temperature i.e, coefficient of volume expansion is the 
same for all of them, Liquids do not so behave at all. 


IV-5 2. Gas expansion on Heating. In discussing the expan- 
sion of gases it should be remembered that the volume V of a given 
mass of a gas depends both on its temperature ¢ and pressure P. 
When the temperature is constant the relation between V and P is 
given by Boyle's law. 

To show that gas expands when heated. Fit up a round 
bottomed flask with a rubber cork through which one end of a 
narrow glass tube projects a little into the 
flask, Invert the flask and introduce the 
other end into a beaker of water as in fig 
IV-5.1. On gently heating the flask with a 
flame, air bubbles will be seen to come out. 
The flame heats up the air inside the flask 
causing expansion of air within the flask, 
which escapes in the form of bubbies, On 
allowing the flask to cool the air contracts 
and some water is sucked up into the tube. 

The burner even is unnecessary. If you 
just grip the flask firmly with your palms 
the same will occur. You replace the air inside by other gases 
such as oxgen, nitrogen, hydrogen or CO, and repeat the proce- 
dure ; you will see the same thing, 


Fig. IV-5.1 


The height to which the water creeps up the tube on cooling 
glves you a rough measure of the expansion of the gas, Put a 
mark at the liquid top. For any gas inside the flask, if you heat 
by the same amount you will find the rise of water i e, PU iia is 
the same. t 


Fig IV-4.2 shows you the first authentic thermometer recorded, 
the air thermometer devised by that iniator of experimental physics, 
Galeleo. His apparatus was the same as above, only a scale was 


ME 
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attached to' the long stem, Note that graduations are in reverse, 
lower temp at the top and the higher towards the bottom, Expan- 
sion of air within the flask, pushes 
the indicator, the coloured water 
downwards (fig IV-5.2.) 

IV-5.8 A. Charles’ law. The 
relation between volume and 
temperature when the pressure is 
kept constant is the Charles’ Law. 
The coefficient (<,) of increase in 
volume at constant pressure i5 
defined as the fraction of the 
volume at 0°C by which the volume ` 
of a given mass of gas increases 
for a rise in temperature of 1°C, 
the pressure remaining constant. 
-If V,=volume of a fixed mass 
of gas at 0°C, and V=its volume 
at C, both at the same pressure, 


&olileo's oir 
thermometer 


th IE -531 
en 4, Vr (IV: ) 


which gives V=V,(1 +4,#). 
(1V-5.3.2) 

Charles showed that the coefficient Fig. IV-5.2 

of increase in volume of all ; 

gases at constant pressure is the same. This statement is referred 

to as Charles’ or Gay-Lussac’s law. (Gay-Lussac discovered the 

law independently a few years after Charles. ) ‘dy is often called the 


volume coefficient of expansion of gases. 
According to Regnault, who measured the coefficient accurately’ 
a p= 1/213 per °C or 000366 per C. (IV-5.3,3) 
In the light of Regnault’s value for 4, Charles’ law may be 
è 


restated as follows $2 
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„~ For a fixed mass of any gas heated at constant pressure, the 
volume increases by 1/273 of its volume at 0°C for each celsius 
or kelvin degree rise in temperature. 


B. Necessity of taking the volume at 0°C. For expansions of 
solids and liquids we do not start with volume at 0°C when we heat 
them from say /,"C to (,"C. Forit is found that a negligible 
error is introduced thereby though for extreme accuracy one has to © 
use the volume at 0°C, But for gases failure to do so introduces 

- a sizeable error. 

Let us take 91 cc of air at 0° and heat it to say 90°C and-150*C. 

We shall have. 


oV, V. 35-9? ee cc 


D un 


and Vos £V. —914-50— 141 cc (A) 


Now if we neat Vao to Vigo then we have. 


V; s0—Voo+Voorgqgeet2 +121 x e159 ce. B 

The volume in eqa (B) comes out much greater than in A and in 

the ralio 141/121 to 159/121. From this you realise that V, gives 

you a standard volume as the basis for computation. This is not 

required for solids (712 x 107 */*C for iron) or for liquids (7 for 
mercury=180 x 10-5/?C). For y for a gas is 3660 x 10-*/*C. 


For comparison let us take a 3m long iron rod at 0.° Then 


1, oo 7 300(1--12 x 10-5 x 1001—300.36 cm 


and J, so —300(1-- 12x 1079 x 150)= 300,54 cm (C) 
If we now heat the rod from 100°C to 150°C we get . 
1, so™= 300.36 (1--12 x 1075 x 50)—300,5402 cm (D) 


See how negligible is the error in (D) compared to (C) 


C. Verification of Charles’ Law : (1) Fig 1V-5.3 shows a modern 
form of apparatus. B the bulb contains a mass of dry air. It 
N * 


= 
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forms a part of a U-tube and graduated in cc. It is connected 
to a mercury reservoir R which can be raised or lowered as and 
when required, A current 
of steam may be passed 
through the water bath 
(W) surrounding the U- 
tube, to raise the temp of 
water and thereby of the 
air enclosed in B which 
can be read off from 
the thermometer T. The 
stirrer S is used to 
achieve same tempthrou- E UC MR 
ghout the bath, 

The room temp is 
read off and R is moved 
till the mercury levels 
in both arms of the U- 
tube and R the same, 
The air in B is then at 
the atmospheric pressure. 
The volume of air in B . ; 
is also noted, Siem is then passed and water vigorously stirred, 
The mercury level in B starts lowering. When the bath temp 
increases by say, 10°C, mercury levels are made the same by 
raising R and the air volume in B read off, It is under constant 
pressure, the atmospheric pressure, Temp is quickly token 
from T, 


SSS 


A 
KSSS 


Fig 1V-5.3 


Several such pairs of readings are taken for temp (t) and volume 
Veach time adjusting R so as to have the air in B under the 
atmosheric pressure, 

V is then plotted against t and an ascending straight line p 
is obtained (fig IV-5.4), This confirms Charles’ law that the 
volume of a gas rises at a constant rate with rising tenp: yhen 
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pressure and mass ofitare held constant, Extending BPA back- 
wards we find if cutting the volume 


a axis at C, OC giving us V, Now 
j CK ON=1, PN=V, and so 

; -V-V PN-OC 

RAISI OALA, ON 


You would find the value to be 
nearly 0.00366 or 1/273. 

A bonus from the graph Is provided, if you extend (i.e, extra- 
polate) BPAC further back, it will cut the temp-axis at a value 
of —273*C. This means that at that temp the volume of the gas 
disappears, This temp is said to be the absolute zero for it is 
absurd to think that simply by cooling a given mass of gas, it would 
disappear, The idea is elaborated in the next article, Before this 
temp is reached the gas will turn liquid and then solid thus no 
longer would obey the gas laws. 

(2) The apparatus even now used in the laboratory for verifying 
Charles’ Law is shown in fig IV-5.5(a). Instead 
of using the costly mercury, conc, H,SO; 
is used as the indicator, Asand when the 
need arises the acid is run out by opening 
the tap until the height of the liquid in both 
the arms are equalised, Incidentally H,SO, 
being hygroscopic serves to keep the.gas in 
the bulb dry. The experimental procedure 
is the same as above. 

(3) A very simple but crude piece of 
apparatus to find «, directly is shown in fig 


Fig. IV-5.4 


Fig. IV-5.5(a) Fig. 1V-5.5(b) 
1V-5.5(b. A capillary tube about 50 cm long and 1 mm in 
bore is sealed at one end after a small pellet of mercury (P) or 
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coloured water is drawn into it, So that a definite mass of air is 
trapped inside at atmospheric pressure, The capillary is tied to a 
thermometer (T) and scale (not shown) and mounted horizontally in 
a wider glass tube closed at the two ends by corks, The corks have 
holes for an inlet (F) and outlet pipes (B) and also for the open end 
of the capillary to project out of the tube, 

First ice-cold water is circulated through the tube and when the 
pellet reaches a steady position the readings of the sealed end of 
the capillary and the left end of the pellet are taken, The difference 
1, multiplied by S, the cross-section of the capillary gives the 
volume of trapped air at ice point, Steam is now passed through 
and a pair of similar readings are taken when things steady up, 
giving /, 9S as the volume of trapped air at the steam point, Both 
readings are taken under constant atmospheric pressure, Then. 


Vi00—Vo ro =o S100 = 


te=, X100 Sxl . 100], 


IV-5.4. The Absolute Scale of temperature: Since for a gas 
<,=1/273 per °C, its volume V, at any temperature °C is 
givien by 

V VA 1213) 
Thus the volume at 1°C is V, =Vo(1+1/273), 
the volume at — 30°C is V. 59 Vo(1 — 30/273) etc. 


If x; remains the same whatever be the temperature, then at a 
temperature of — 273°C, 
V=V9(1—273/273)=0 (1V-5.4.1) 
At a temperature below — 273°C the volume would be negative. 
Since we cannot imagine a negative volume, temperatures lower 
than —273° will have no’ sense to us, We therefore take the 
temperature at which the calculated volume of a gas becomes zero, 
to be the lowest temperature possible and call this temperature the 
absolute zero. -Any scale of temperature measured from the 
absolute zero is called an absolute scale of temperatnre. On the 
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celsius (centigrade) scale, the absolute zero will be taken as 
273°C. If will be —459°F in the fahrenite scale. 


' The above is not however, a happy way of defining the absolute 
zero. When you reach a higher stage of study you will learn that 
Naiure has put a limit to the lowest temperature possible in the universe. 
This limit is the absolute zero. Careful experiments show 
that the value is about —273:15^C. The agreement of this value 
with the one at which the calculated volume of a gas becomes zero 
is accidental and is due to the fact that most permanent gases (such 
asH,, He) behave practically as perfect gases (i.e., satisfy Boyle's 

law and Charles’ law with a high degree of accuracy.) 
The absolute scale of temperature in which there are100 degrees 
‘between the ice point (0°C) and the steam point (100°C), i.e., the 
| absolute scale in which each degree interval is equal to a degree 
interval on the celsius scale, is called the Kelvin scale. The readings 
on this scale were indicated as degtees Kelvin or in symbols as °K. 
w we write merely Kelvin, with K as the symbol. The degree 
gn has been by international agreement dropped. It should be 

noted that 


a difference of temperature of 1 K (or 1 ^K) 
sa difference of temperature of 1°C 


! For ordinary purposes, we take the absolute zero on the -celsius 
“Scale as — 273°C, the ice point on the Kelvin scale as 273K and 

| any temperature 1°C as (2134-1) K, i.e. 

|o °C=(213+1) K. (—— (1-542) 

| The kelvin is now the SI unit of temperature just as the meter 

| ‘is the unit of length. 

| IV-5 5. Another form of Charles law. From Charles’ law, we 

| have for a given mass of gas at constant pressure; 

| V=Vo( 141/273) Vg (273 4- ))/213 (IV-5.5.1) 


where V is the volume ofthe given mass at iC and Vo that 


| at 0°C. 


-a ———— "oa — —— 9M m uu I s 
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Now /C—(t4-273) Ke- T K (say), while 067—273 K— T, K (say). 
From Eq. 1V-5.5.1 V AV /To) 


ors V S a, 
TT (1V-5.52) 

Since Vy has a fixed value for a given mass, and Tg is a 
constant, Vo/Tg is also constant. We can therefore say that for a 
given mass of gas V/T is a constant, i.e., at constant pressure the 
volume oj a given mass of gas is direcily proportional to its absolute 
température. "This assertion may also be taken as the statement of 
Charles’ Jaw, In symbols, V œT when P is constant. 

Strictly speaking, the temperature T as defined here is called 
the temperature on the perfect gas scale, Or briefly the gas. scale. 
The kelvin scale is defined in Thermodynamics. The definition is. 
different from the one given here. But the perfect gas scale and. 
the kelvin scale have been found to be identical. So we need not 
differentiate between the kelvin scale and the perfect gas scale at 
this stage. 


IV-5.6 Boyles law. A. Gases are highly compressible. 
Consider a mass of gas confined in a cylinder by an air-tight piston. 
If the pressure on the gas is increased by pushing the piston in. 
wards, the volume of the gas decreases. As the pressure is reduced, 
the volume increases. 

‘This relation between the pressure (Pj and volume (V) of a fixed 
mass of gas was discovered by Robert Boyle (1627-1691), an 


Engiish ‘philosopher. This is Boyle’s law and may be stated as 


follows s ; : 
For a fixed mass of gas ata given temperature, the volume 


varies inversely as the pressure, /.¢-, the product of the pressure 


and volume is constant, 


In symbols PV — constant — K. (IV-5.6,1) 
> 


If P, and V, arc the initial values of ihe pressure and. volume 
and P, and V, the final values, we shall have. 
PV, EP, V SK 


(1V-5.6.2) 
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. Example IV-5.1. The volume of a mass of gas at 740 mm 
‘pressure is 1250 cm%, Find its volume at 760 mm, if the 
temperature is unchanged, 


| Solution; Let V be the new volume. Then from the relation 
P,V,—P,V, we have Vx760 mm=740 mmx 1250 cm? or V= 
1217 cm. ; 


Ex, IV-5.2. A bubble of gas, 100 mm? in volume, is formed at a 
depth of 100 metres of water, Find its volume when it reaches 
the surface, the atmospheric pressure being 76 cm. Assume 
unchanged temperature, 


Solution: Atmospheric preesure=76 cm of mercury — 76 x 
13,6 cm of water 10.34 metres oi water. This is the final pressure 
P, of the bubble, The initial pressure P, —(100-1-10,34)— 110.34 
‘metres of water. if V is the final volume, then Vx10,34 meters 
-of watere100 mm?*3110.34 metres of water, whence V — 1067 
= mms, 
B. The Value of the constant K in the above equations depends 
* upon the following factors— 
(i) the mass of the gas taken, (ii) its temperature and (iii) the 
units in which P and V are expressed, 


Ex IV.5.3. At a pressure of one atmosphere 32g of oxygen 
occupy a volume of 22,4 litres when the temperature is 0°C, 
Therefore for 32 g of oxygen at 0*C the product is 

PV Ke2224 litre x 1 atmosphere = 224 litre-atmospheres, 

Since 1 litre= 1000 cm? and one atmosphere = 1,013 x 106 dyn/ 
*m?, the same product is also equal to, 

22,4 x 1000 cm? x 1:013% 10 dyn/cm? =22'69 x 10° erg, 


Ex IV-5.4. If we consider 16g of oxygen at 0°C; the volume 
is 11,2 litres at a pressure of 1 atmosphere, 

., for 16g of oxygen at 0°C the product 

PV = K=11,2 litre-atmospheres = 11.35 x 10? erg, 


Ex IV-5.5. At 27°C the volume of 16g of oxyen is 12,3 litres 
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if the pressure is 1 atmosphere, Under these conditions the 
product PY=K=12,3 litre —atmospheres= 12,46 x 10? erg. 
At a given temperature, the product 

PV=kK is directly proportional to the gas mass taken, 

C. Density and pressure. Let pj and p, be the densities of 
a gas at pressures P, and P,, and Vj and V,, the volumes of the 
same mass m of the gas at these preseuremyi the perature remain- 
ing constant, Then 

m-V,p,-—Vgp;. By Boyle's law A PVs 
Dividing the first relation by the second, we have 
P,/o,—=P3/p3 à à (IV-5.6.3) 
which means that the density of a gas is proportional to its 
pressure, so long as the temperature remains constant. 

Ex IV-5.6. Find the mass of 1 cubic metre of air at 0°C 
and 19 torr pressure, given that the density of air at S,T\P. is 
0.001293 g/cm!, NV 

Solution :. If p is the density at 19 mm Hg pressure, then 


p ..,00012938/cm* r 
19 mm Hg 760 mm Hg 


19 
—.—- X 0:001293g/cms 
or p 760% 0 g/cm? 


mass of lcu, metre oaa 19.8 SX (100)*. em*e32g 


IV-5.7. A. Regnaults Law: Increase ot pressure with rise 
of temperature at constant volume. If the volume remains con- 
stant, it follows from this law that P5—P, (1+4,t ) ( IV-5.7.1 ) 
P, Pe 
T, 


*2 


from which we get 


( 1V-5.7.2) 


işe., the pressure of a perfect gus at constant volume is directly 
proportional to its absolute temperature, This shows that when a 


7 
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given mass of gas at constant volume is heated, its pressure, 
increases, Experiment shows that at constant volume the pressure of 
a given mass of gas increases by a constant fraction of its pressure at 
0°C for each degree celsius rise of temperatuve. This fraction is 
called the pressure coefficient («,) of the gas at constant volume. 

If Py — pressure of a given mass of gas at 0°C, 

P-- pressure at temperature 71°C, 
then the fractional increase of pressure=(P—P )/Py, and the. frac- 
tional inciease of pressure per °C rise of temperature ( i.e. Xy) 
4y=(P—Po)/Pot or |. P—Po(1--«,t) 

It is further found from experiment that «, is approximately 

equal to 1/273 per *C for practically all gases. 


Ex IV-5.7, A gas is at 27°C. To what temperature must it be 
heated at constant volume so that the pressure is doubled ? 

Solution : Let the initial pressure be P,. The initial temperature 
is T,—27--273—300 K. The final pressure P,—2P, ; the final 
temperature T, in K. Therefore, 

P,/300=2P,/T,, whence T,—600K —600 — 273=327°C, 

B. To show that for a perfect gas the pressure and volume 
coefficients are equal («,—4). Perfect gases satisfy the relation 
Py/T=constant. It may be shown that 4» and 4, for such gases 
are the same. 

Suppose a fixed mass of a perfect gas has a volume Vo anda 
a pressure P, at 0°C, If the pressure be kept constant while the 
temp changed to 1°C; its volume V. will be V=V,(1+.,1), Now 
keep the temperature consant at °C. but increase the presure from 
P, to Pso that the volume V diminishes and reaches the former 
value Vo. Then from Boyle’s law we get P,V— PV, (the temperature 
being 71°C), 

Hence, we Shall have P,V,(1-+4,¢)—= 5 

or, Pe P M yu) (A) 

The changes described above are such that the new temperature 

is 1°C and the pressure is P, while the volume is unchanged, As the 
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pressure rises from Py at C. to Pat £?C at constant volume, we 
have, from the definition of «,, L 

P= Po(1-+4,t) (By 

Hence, from the relations (A) and (B) we find &=4,, (IV-5.7.3) 


Values of 4, and 4, for some gases are given in the table 
below. They are per °C, Values for some of them are shown 
graphically in fig IV-5;4. 


0.00367 | 0.00367. 
“00366 |  .00366 |. 
:00367 | 00367 
00367 | | 00367 
.00366 | | 00366 
700374 |  :00372 


As the intial pressure is reduced it is found that the values of «, 
and 4, for all gases (even of CO,) approach the same value. This 
limiting value is found to be 0,0036608— 1/273:15 per°C, 


eyx10* 


œO 


400 600 . 1000 
P IN. mm Hg 


Fig, IV-5.5 


C, Verification of Regnault's Law and finding 4, 

The apparatus used forthe purpose may be called a: constant 
volume gas thermometer, It consists of a bulb B (fig, IV-5.6), 
connected by of a capillary tube to a wider glass tube 4, 


| P 
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Cisanother glass tube of a relatively wide bore, openat both 
ends and servesas a mercury reservoir. A4 and C are connected 
together by a thick walled India- 
rubber tube, and may be raised 
orlowered on a. vertical stand to 
which they may be  clamped, 
By raising or lowering) C, the 
level.of mercury -in A may always 
be brought upto a certain mark 
` M near the junction of A and 
the capillary tube connecting it 
to B, This ensures that the 
experimental gas contained in B 
always has the same volume, 
A scale is fixed to the stand in 
between A and D, from which the 
difference between the mercury 
levels in 4 and D may be read off, 
Fig. IV-5.6 To find the pressure coefficient 
X, Of the experimental gas in B 
at constant volumes, Bis placed in a water bath whose temperature 
can be read off from a thermometer, Mercury level in 4 is brought 
upto M, and the height of the mercury level in D above that in 4 is 
noted. Let this value beh, cm, If P, is the atmospheric pressure 
in centimeters of mercury at the time of the ‘experiment, the 
pressure of the gas in B is Po+h,=H, cm of mercury, Its tempera- 
ture=7,°C is that of the bath, 

‘If the bath temperature be raised to a value °C (about 8 to 
10°C higher than ¢,) and held constant there the gas in B expands 
and pushes the mercury column down 4. C is raised till the 
mercury level in 4 comes upto C again, Thé difference in height 
between the mercury levels in A and C is noted as before, Let the 
value be hy cm, The gas pressure in B is Po-+hy=P, cm, of 
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If Ho is the pressure of the gas in B at 0°C, 
Then P,=Po(1+a,t;) and P =P (1+4, t3) 


or Pio ltir. Tat L 
Pa 1+4 qty 
whence a= Pen Py (1V-5.7.4) 
Piti- Phi 1 


Alternatively, the bath temperature may be held constant at 
different values, The mercury level in A is brought upto. M each 
time and the corresponding 
difference in height of the 
mercury levels in A and C 
noted, The total gas pressure 
in B may then be plotted 
against the temperature and’ Pg 
found by extrapolation from 
the graph (fig. IV-5,7), Pressure 
in B at any temperature 1°C, 

P= Po( 1+4) 
from which «, may be found 


out, It will’ be seen' that 4, is approximately ty per.°C for nearly 
all gases. 


IV-5.8. A. Ideal or Perfect gas equation. A. gas. which 
obeys both Boyle’s law and Charles’ law strictly is called a perfect 
or ideal gas. Permanent gases (suchas hydrogen, helium, oxygen . 
and nitrogen ) obey the laws with sufficient accuracy to be treated 
as perfect gases, These two laws may be combined to give a single 
relation, i 

Let the initial »pressure, volume and absolute temperature of a 


given mass of gas be P,, V, and Fy. 

(i) Keeping the pressure P, contant, let the absolute tempera- 
ture be changed to. 7,, and the new „volumeto V', According to 
Charles’ law V'—V,T3/T;. gan 
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(ii) Keeping the temperature T, constant, let the pressure be 
changed to P,, Then, according to Boyle's law, the new volume y, 
is such that 


B.V, P S pm 
T, 
or Ah Pale constant (1V-5.8.1) 
1 2 


This is the equation of state» for an ideal gas, and is also called 
the ideal or perfect gas equation. It contains both Charles’ law and 
Boyle’s law, For if T,=T,, we get P.V,—P,V,, which is Boyle's 
law, andif P,—P,, we get Vi/T, —V,4/T,, which is Charles’ law, 

We may write EqI1V-58.1as PY=RT (1V-5.8.2) 
in which P stands for the Pressure, V for the volume and T for the 
absolute temperature of a given mass of gas, The value of R will 
depend on the mass. If the mass is doubled, R will also be doubid. 
For a gram-molecule or mole of any gas, R has the same value, This 
value of R (for a mole) is variously cailed: the universal gas 


Constant, gram-molecular gas constant Or molar gas constant, 
^  We'shall denote it by RM. 


= B. Value of the molar gas constant, Let us consider a mole 


of a gas at S.T P. ( standard temperature and pressure ). Then 
we have 
‘ Po=1 standard atmosphere— 1:013 x 106 dyn/cm?, 
T,—temperature of melting ice—273 K 
- Vo volume at S.T P. of one mole of a Ba8— 224 litres, 


Ry AY, —1.013 x 108 dvn/cm? x 22400 cm?/mole 
T, NASR See 
=8'31 X 107 erg per K per mole (erg K-1 mole- t) 
If the mass of the gas taken is s moles, then PV-—nRMT. 


If m is the mass of the gas in grams and M its molecular weight, 


then PV=mRwyT/M. (IV-5.8 3) 
for unit mass, therefore, R=Ry/M, (IV-5.8.4) 


*The relation between the 
is called its Equation of state, 
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For different masses of the same gas, we get from EqIV.58.3 


m,T, MT, M (IV-5.8,5) 


Eqns. IV-5,8,1 and 2 enable us to solve problems when any two 
of the quantities pressure, volume and temperature ofa fixed mass 
ofgaschange at the same time, Eq, IV-5,8,5 is useful when 
masses differ (see later Sec, IV-5.10). 


Ex, IV-5.8. A litre of air is heated from 27°C to 177°C at 
constant pressure, Find its volume, 


Solution : From Charles’ law that Vie Ya 
i Ty T 


T,—2134-217—300 K, T,—213--117—450 K, 


V, —1 litre, whence V, —1.5 litres, 


Ex IV-59. The pressure of a given mass of gas at 33°C is 75 cm 
of mercury, Find the temperature in °C at which the pressure is 
doubled, the gas being heated at constant volume, Find also the 


tempeature at which the pressure is halved, 
Solution: Apply equation IV-5.8. 1 Since volume remains 


constant V,—V3. 
(i) T, —2734-33—306 K. If P,—2P,, 
T,—P4T,[P, —2x 306 K=612 K=(612 — 273)°C=339°C, 
(ii) When P,—2P;, T4 =(Po/P,) x 306 K=153 K 
—(153- 273, C— — 120°C, 


(Note that since. the ratio P/P; is given, the value of P, is 
unnecessary, ) " 


Ex IV-5.10, The volume of a mass of gas at 47°C and a pressure 
of 75 cm. of mercury is 640 om?, Find the volume at S.T P, 

Solutions Here P,—75 cm of mercury, V,—640 cm?, T,—273 
+47—=320K, P,—76 cm of mercury, T,=273K ; to find V,. 


# 


Na Ti 
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i : : EP. 
^. From the relation TV. =a; $ n= V, 
1 2 APT 


73:273 : 
V= 76% 320 x 640 6099539 cm? (approximately) 


“Ex, IV-5.11, Calculate the value of the gas constant for 1g 
of hydrogen, given that the density of hydrogen at S.T. P,=0:00009 
g/cm?, i 


_ Solution; Here P=76 x 13,6 x980=1,013x 10° dyn/cm2, 


1 cm* 
= — o = 3 K. 
"= 9:00005 qoem 


$ i PV | 1013x10*dyn. cm3 1 
pee misto m X000 e pK 


—4:12x 107 erg per K per g ( or erg Krtg:!) 
_IV-5.9. Conversion of densities from one set of conditions to 


nother, Since the gas equation applies to a giyen mass, say mg of 
a gas, the density 5; =m/V;. Under the new set of conditions p= 


= mjV,. Then from the relation. 


P. Ei PaVa 2 Pm Pom 
m2 23 we get HT —- 2") 

p i Tı  PoTs 

= * Ps m 

" Or —l—- 2 [je = 

: Oil,  041T "eT 


Constant (IV-5.9.1) | 
Ex IV-5.12. „A litre of ry air at S.T.P, weighs 1.2935. What 
would be the mass of 3 litres of dry air at 115°C and a pressure 


[ra of 4 atmospheres t 


“Solution: Here P,e1 atmosphere, T,=273°K, 5,—1,293 
g/litre and P, —4 atmospheres, T5—273.1-1 15—388*K, First find Poe 


From Eq. 1V-59.1 o, — Pa. T... 4... 273 "T 
x q lara T; p,—4 x 38g (1.293 g/litre 


cus mast Vies x Ax 251293 £—10.9g. 
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Or, the volume might first be reduced to S.T.P. Let V be the 
volume of the given mass of air at S.T.P. Since 


PV_PoVo 1xV_4x3 12% 273), 
d E^ , we shall have agg! y: 388 litre, 


whence mass—V x 1,293—10.9 g. 


1V-5.10. Gas law for different masses. Let M be the molecular 
weight of agas and RM the value of the molar gas constant (IV-5.8.B) 
Then the value of the gas constant for unit mass will be .RM/M. If 
V, is the volume of a mass m; of the gas at pressure Pj and tempe- 
rature T, and V, the volume of a mass mg ofthe same gas at P, 
and 75, then from Eq. IV-5.8.5 we shall have. 


P,V,;_m,RM or P,V, -RM 


T, M^" mT, M 
and P. Varta AM or “PaVa _ RM 
and ae M mar, M 
12 28827 
o E (1V-5301) 


m,T; msTs 


may be applied to s“. 


This equation (the same as Eq, IV-5.8.5) 
Ncte that this is 


cases where the masses the of gas are different. 
also the same as Eq. 1V-59.1 for m,/ V, =p and mg/Va—?»: 


Example IV-5.10.1. A gas cylinder contains 20 kg of air at a 
In driving a pneumatic drill for some 


pressure of 12 atmospheres, | 
How much gas has been 


time, the pressure falls to 10 atmospheres. 


used 7 


" 


Solution: We may apply Eq 1V-5,10,1. Here V,—Va, Ti= 


Tq) P,—12 atmos, P4 —10 atmos and m,=20 kg. To find mg, 


{ 
From Eq, 1V-5.10.1, “ke "WEE 


The quantity of gas used, — ma7—35 ke. 


IV-6 


KINETIC THEORY 
i OF GASES 


IV-6.1. Evidence of molecular structure of matter. In 
science, an evidence of a theory is rarely direct, e.g. Newton’s 
laws of motion. But when things occur without exception as 
deduced from the theory, we take it as an evidence of the correct- 
mess of the theory, Most evidences in science are of such indirect 
nature, But science accepts such evidence. 

Evidence of molecular Structure, At least three thousand years 
ago many Indian and Greek philosophers Kanad and Democritus 
amongst them, thought that matter was not continuous in structure 
but made of particles ; but they had no proof to support it, In 
the 18th century, John Dalton, an English school teacher, success- 
fully explanined the laws of chemical combination assuming that 
a given substance (such as iron or sulphur) consisted of particles, 
ail of the same kind, He named such particles ‘atoms’, « Combina- 
tions of atoms of the same or different kinds were later given the 
name ‘molecules, Dalton's laws for the formation of molecules 
from. atoms were fully supported by chemical experiments, This 
is the first evidence of molecular structure, It came from chemistry 
and was of an indirect nature, 

With progress of science, we could explain various phenomena 
from different fields on the basis that matter was molecular in struc- 
ture, We came to know that molecules are so small that we never 
have any chance of seeing them. They have diameters of the 
order of 10-7 cm, The most Powerful optical microscope can 
. magnify a small body to about 2000 times, .This is not enough 

to see a molecule, Another kind of microscope, called the 
*electron microscope' can magnify upto 105.times, Even this is not 


* From a—not, tomos] can divide. i.e, atoms are indivisible, 
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enough, But the pictures of very thin sections of matter that we 
get from powerful electron microscopes show that matier has a 
granular (grain-like) structure. Another kind of microscope, known 
as the ‘Field emission microscope’, produces pictures of very sharp 
metal points, These pictures show that the point is made up of 
layers of granular particles. These give the nearest visual proof 
till now that matter has a discontinuons structure and is made up 
of particles, The granular structures as seen in the pictures 
mentioned above are not molecules ; they are groups of molecules. 

We however have enough indirect evidence of molecular 
structure. If alpha particles from radio-active materials shoot 
through very thin metal foils, some of them are found to be 
deflected: very much from their orginal paths, This is possible only 
if the metal foils are made up of atoms whose positive charges are 
confined to very small regions, You will have more of indirect 
evidences as you learn more of modern physics. Radio-activity 
will give you much of such evidence. With X-rays we have learnt 
the sizes of molecules and atoms, The ‘mass spectrograph’ enables 
us to find the relative masses of atoms accurately. 

IV-6.2. Evidence of random molcular motion. (i) A gas exerts 
the same pressure all over its containing walls, This supports the 
view that gas molecules move about at random, Put the same 
amount of gas in a larger vessel, It will fill that up, This 
expansibility of a gas results from randam molecular motion, 

(ii) If we drop a crystal of copper sulphate in water, the 
crystal soon dissolves and its blue colour gradually spreads 
throughout the water, This can easily be explained, if we 
assume that copper sulphate crystals are made up of molecules, 
and that in solution these molecules move about at random, This 
is the phenomenon of diffusion, explicable only by molecular 
motion, 

(iii) When water ( or any liquid) evaporates its molecu 
lost in all directions in the atmosphere, They must have random 
motion; otherwise evaporation should havé occurred in some 


les are 
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special direction only. The same happens for boiling, Evaporated 
liquid exerts vapour pressure. 


(iv) When a solid melts, the liquid that is formed, takes up 
the shape of the container, This can happen only if solid is made 
up of molecules and these molecules move about at random in the 
liquid state. 


(v) Suspend very fine particles of diameters about 10-9 — 10-5 
cm, in water or air, Look at them through a powerful microscope, 
They will be found to move about 
at random with a zig-zag motion 
(fig IV-6.1,) [See ‘Brownian 
motion' in the next section, ] These 
particles are not molecules, but 
are packets of about 109 to 101? 
molecules, Their zig-zag motion 
can be explained if we assume 
that they are being constanly hit 
by water or air molecules from ail 

Fig. IV-6.1 Sides, When the particles are small, 

i the number or hits from one 

side may not be equal to those from the opposite side, So we may 
expect to see resultant motion which may change abruptly now and 
then ; and that is what we actually see in the Brownian motion. 
Besides, the water or air molecules maynot all move with same speed 
and they may be doing so in all possible directions, Such property of 
the molecules can fully explain the behaviour of the suspended 
particles as we find it, This is the most direct evidence of the 
continuous and random motion of molecules, (The motion of the 
particles is somewat similar to the movement of a man who carries 


a heavy load and is moving in a crowd ; or of a thief chased by a 
` policeman in a startled crowd), 


IV-6.3; ^ Brownian movement, The phenomenon of Brownian 
motion was discovered in 1827 by an English botanist, Robert 
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Brown, He observed that minute pollen grains suspended in a 
liquid drop showed a constant, irregular motion when observed 
through a powerful microscope, They danced about madly in the 
field of view of the microscope without any rhyme and reason, The 
movements continue indefinitely and never show any sign of stop- 
ing or even diminishing, These movements are known as Brownian 
motion, Sespensions of solid particles or. droplets. (10-— 
10-* cm in ‘diameter) in liquids and gases also show these move- 
ments, as in fig IV-6,1, for 3 grains in water at 30s intervals, 


The following fact gradually came to be. established about 
Brownian motion, : 

(i) The motions are continuous, eternal, and "completely 
irregular and random, No two particles in the same locality move 
in the same direction at the same moment, 

(ii) The movements are independent of any mechanical 
vibration of the container, ; 

(iii) The lower the viscosity ofthe liquid the greater the 
motion, 

(iv) The smaller the particles the greater the motion, 

(v) Two particles of the same size move equally fast at. the 
same temperature, 

(vi). The higher the temperature, more animated the motion, _ 

From these facts the following picture of the processes genera- 
ting the motions were drawn, The suspended particles are millions 
of times larger than the molecules of the liquid, The liquid 
molecules have thir heat i.e, thernral motions, So they continuously 
bombard the particles from all sides, If the particles are large 
in size, equal numbers of hit them on the average on all sides 
every moment, But if they are small enough, the molecular 
impacts may not be balanced, A small particle may therefore be 
acted upon by an unbalanced force, producing a perceptible, 
motion, (This motion however is opposed by the viscous drag of 
the liquid) Since the molecular impacts are at random, the 
unbalanced force on the particle is randomly directed, This gives 
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the particle the motion described, Such particles behave like 
large molecules in the liquid. They take part in the thermal 
motion of the liquid and provide a visual proof of the basic 
assumption of continuous and eternal heat motions of molecules. 
This picture also explains why the motion is more vigorous at high 
temp and low viscosity, ; 

Estimation of molecular size, How big is a molecule ? A general 
answer to the question is not possible, because sizes vary widely, 
Organic. molecules may be quite big in size compared with 
inorganic molecules, In some cases however, it is possible to get 
an idea of the size of molecules by forming films on water, If a 
very small quantity of matter forming the film is taken and allowed 
to spread on a wide enough surface of water, the material forms a 
film which is only one molecule thick, Such films are called 
monomolecular films, 

Some oils and fatty acids have this property. Their molecules 
are much longer than broad, One end of each molecule has an 
affinity for water, Such molecules attach the active end to the 
water and stand erect on it, forming a monomolecular film. 


Oleic acid is a suitable material for this purpose, We may 
prepare a 0°5% solution of it in methyl alcohol by volume 
ie. dissolving 0'5 cc of the acid in 100 cc of the alcohol, ) 
We then have 0,0005 cm? of the acid in 1 cm? of the solution, 


We may then take a large glass or plastic dish full of watter 
and lightly sprinkle lycopodium powder on the surface of water. 
Using a capillary pipette we may then drop 0'005 cm? of the 
solution in the centre of the water surface, The solution spreads 
over an area of the suface and pushes the lycopodium powder 
away from the area, The alcohol soon partly dissolves and partly 
-evaporaies, leaving a monomolecular film of oleic acid on water 
as a nearly circular patch, We then measure the diameter D of 
` the patch, E 
^in the.film we have (0:005)? cm? of oleic acid, If b is the. 
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length of each molecule, we can treat the film as a thin. cylinder 
of height b and diameter D, Its volume is then 1x25, This is 
equal (0°005)2 cm. Measuring D and putting ixD*b—(0005)2 
cm’, we can find b,the length of an oleic acid molecule, The: 
value comes out to be about 10nm (nanometre— 10- m), 


We have made a similar calculation in Chap 11-2.4 


IV-6.4 The Kinetic Theory of Ideal gases. The behaviour of 
gases as unfolded in the last chapter makes no assumptions as to 
the structure of gases. They have been treated as amorphous, 
ie. continuos entities, Gas laws have been developed from experi- 
mental results. This is said to be the macroscopic viewpoint for 
gases, or we might say the thermodynamic, depending on the four 
variables, pressure, temperature, volume and mass, 

The Kinetic theory providesan alternative viewpoint, the micros- 
copic, treating of the gas, as an assembly of a very large number of 
fast molecules in random motion. The theory has succeded remar- 
kably not only qualitatively but also quantitatively, in deducing” the 
gas laws the Avogadro hypothesis, Graham’s law of diffusion, _ 
coefficients of conductivity and viscosity of gases and a host of others. 
But its development requires a number of simplifying assumptions. 
The gases we have seen before, have the simplest structure and the 
idealgas isthe simplest to treat mathematically. These have been 
carried out by Clausius, Maxwell and Bollzmann amongst others, 
Daniel Bernoullie and Robert Hooke. had much: earlier initiated 


the simple calculations. 


Basic assumptions. (1) The molecules of a gas are all alike 


and behave as if they were hard, smootb, perfectly. elastic spheres.. 
Even in a small volume their number is very large. (In air at S.T.P, 
1 cm? contains 2:7 x 101? molecules), G1 A01 

(2) - The molecules are in continual, random motion, (fig IV-6.2). ` 
colliding with one another and with the walls ofthe containing vessel. 
The collisions are taken to be perfectly elastic. — 5 1 


s 


* 


| S 
| 


112 a HEAT 


(8) Molecules do not exert any appreciable attraction on one 
another, nor repulsion. 
(4) The actual volume 
occupied by the mole- 
cules is negligible com- 
pared with the total 
volume of the vessel. 
3 (5) In between two 
a . successive collisions the 
E Fig. IV-62 molecules travel in accor- 
dance with Newton’s laws in straight lines with a constant speed. 
In the most elementary calculation this speed is taken to be the 
same for all molecules of a gasat a given temperature, ( The 
| speeds are really different.) 
(6) The time spent in collision is negligible compared with the 
time of travel between collisions. 
IV-6.5. A. Explanation of pressure ofa gas on the Kinetic 
theory. The molecules of a gas in their random motion constantly 
‘collide with and rebound from the 
walls of the container. A molecule of — --" 5 —— 


te MOMENTUM 4 mu A 
mass mand speed u colliding perpen- A 
dicularly with a wall (fig IV-6.3) will MOMENTUM Tt 2 
rebound from it with speed —u. The MOLECULE REBOUNDS 


~ change in momentum of the molecule 

(is mu-( —mu)-2mu, The wail 
receives at each collision an impulse equal to this change in momen- 
tum, If during one second a large number of such impacts occur, 
the average force on the walls, by Newton’s second law, is equal to 
the total change in momentum during that second, The pressure 

developed, is the force acting on unit area of the wall, 

B. +*Calculation of Pressure, Let us have N molecules ina 
` closed vessel which for sake of convenience, be taken as a cube of 
side /, Any molecule may have a velocity c in anly random direction 


Fig. IV-6.3 
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which has components u, v, w along three perpendicular directions 
( fig IV-6,4) such that c2=y? 4-2 4-w?. 


Considering the face A,, we have just now seen that change in 
momentum for the normal impact of a 
single molecule is 2mu, Let the molecule 
now hit the opposite face A, assuming 
that it suffers no collision on the way. 
From there let it return to A,. and 
again suffer an impact; the time 
interval between its successive hits on Aj’ 
must be 2//u, Then the force it applies 
on A, is 


Fig, 1V-6.4 


change in momentum . . 2mu _ mu? 
- time-interval), ; ; Aw 1 


and the pressure exertede- Force/Area-emu? [I (1V-6,5.1) 
Now each of the N molecules may be considered to have different: 
es and hence different u-values so that we may write the total _ 


pressure on A, as 
pm (uit tug Huat to tu) 


Let u?reperesent the mean value of all the squares of velocity .. 
tn =( 


components along the OX direction i.e, - . m 


a tugta tetu LL. au 0652 
Um A N N M 3 


Then we have po, = Nmu?/I? 


460109027 
Now with a very large number of molecules moving at can 
with velocities ranging from O to œ% the mean square va a 
component speed along any of the three perpendicular auod 


sameie, . iP env? 


E 
| ^ 
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the fact responsible (i) for equality of gas pressure in all directions 
en the container walls as also for. (ii) PascaPs law, 
But as we have c2— 4? +v? --w?2, their mean squares will be 


cà —u? + y? --w?and so ü?—1c2 (IV-6,5,3) 
p=imNe?/I3 =1nme? (IV-6,5°4) 
for n— N/I*, the no of molecules in unit volume - 
where m—mass of a molecule, 
a=number of molecules per cc of the gas 
and. c?—the mean value of the squares of speeds) 
€. Value otc. Inthe relation P—imnc?, mn is the mass of 
the gas per unit volume, Hence mn-— p, the gas density, 
P-iec? orc—A 3p], (IV-6,5,5) 
For hydrogen at S.TP., 5—0,00009 g/cm’, standard atmos- 
pheric pressure P=76 x 13,6 x 980 dyn/cm?, 


=1,85 x 105 cm/s ie, about a 


Š am ASX 13°6 x 980 

sr ! 0:00009 
mile a second—much faster than a rifle bullet. tis said-to be the 
r,m.5, or root mean square speed, 


Values of c at 0*C for some gases are given below; they differ 
from gas to gas, 


Gas Speed at 0°C 
Hydrogen 18,6 x 104 cm/s 
Helium 13.1x104-,, 
NN 493x104 , 

xygen 461x104; ,, 
CÓ; 392x104 | 


Problem: Calculate rms, speed of N, at N. T. P. given 
p for N; =1.25 3/litre at N. T, P. and 13,6 g/cc for mercury 
(Ans. 486 km/s) [. H.S. 82] 


1V-6.6. Concept of Temperature from Kinetic Theory. In 
deriving equation IV-6.5.4 note that wehave related a macroscopic 
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concept the gas pressure, with a microscopic quantity the rms, speed 
of individual gas molecules, We shall now see that the same micros- 
copic quantity rms speed is related to the most important macro- 
thermal concept, that of temperature, 

From the relation p=1mné?, we get p/p—ic? where the density 
p of the gas is mn the product of the mass of a single molecule (m) 
and n the no of molecules in unit volume, 

Let us take a mole (i. e, gm-molecule) M of a gasata temp T 
(absolute) when its volume is V, say. Then we have, 


Po P PV oic or PY=iMe? IV-6.6,1 
p "IV ge F ( D 


Now from the ideal gas law we have PV—RoT where Rọ is the 


molar gas const, Hence we have, 1 
RoF=}Mc? ie, ¢?/T=3Ro/M=const (IV-6,6.2) 


i.e, absolute temperature of a gas is proportional to mean square 
speed of the gas molecules. Note that temperature is proportional 
toa square of a quantity showing that (i) it can never be negative 
and also (ii) it is a scalar quantity i 

If again N, represents the number of molecules in a male 


of a gas, i,e., N,--Avogadro's number, we have for one gram- 


molecule 
Py—imN,c. 
Comparing it with the perfect gas equation P/— RyT 
we have 3mN4íC? — RoT (IV-6.6,3) 
Now, the kinetic energy of a single molecule=3mc?. 
1 mea = ROT =$ KT (1V-6.6.4) 


Na 


where. k=Ry/N, is à constant and is calied Boltzmann’s 


constant. Thus we find that—The kinetic energy of a mo 


Proportional to the absolute temperature. 
The statement that the kinetic energy © 


lecule is 


f the ‘centre of mass ofa 
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. molecule is proportional to the absolute temperature’ is a very 


* 


important result, We may apply it to liquids and solids as well, 

Eq. IV-6,6,4, serves as a definition of temperature. So defined, 
it is called the ‘kinetic temperature. Temperature can also be 
defined in other ways, such as from thermodynamics, But this is 
not the place to go into them. 

As a basic assumptionis that in a gas there are no mutual forces 
amongst the molecules they can have no potential energy, all their 
energy is in the kinetic form and it is this that determines the 
temp of the gas. Temperature is hence the manifestation of kinetic 
energy of gas moleculess, So from the kinetic idea of temp we may 
conclude that a]/ molecular motion ceases at absolute zero. 

From equation IV-6,6.2 we derive two conclusions as to the 
Magnitude of rms velocity of a gas— 3 

(i) for a given gas rms speed c œ JT: 

(i) ata giventemp rms speed coc J I/M ie. heavier gas 
molecules have lower rms speeds. 

IV-6.7. RMS. Velocity and a few Related Concepts: A. Mean 
Fres Path. The high speed of gas molecules raises a question— 
Way then there. occurs a time-lag between the Opening of an 
ammonia bottle at one corner of a room and smelling it the’ 
other end of a room. This apparent anomaly comes up, for 


we bave assumed that in their to and fro motion the gas . ` 


molecules do not collide with each other. That is absurd, Cal- 
culations show that in one Second in air at N.T.P. there 
occur on the average 5x109 Collisions; Because of so many 
collisions the advance of ammonia molecules through air ie, their 
Speed of diffusion is much smaller compared to molecular speeds, 
Remember collisions cannot occur regularly ie, after regular in- 
tervals of time or separations, Just as we consider the mean of the 
Squared speeds, here we introduce the mean free path (x) between 
sollisions—the mean of distances covered by the molecules between 
successive collisions, If d be taken as the diameter of a molecule 
then it can be shown that 


KINETIC THEORY OF GASES 117 


igre 

J Znad? 
ie, it diminishes for larger molecules, their number in unit volume 
and hence the gas pressure. 

B. RMS, velocity and the Velocity of Sound. From the above 
table we observe that in air c is 485 m/s and that of sound 332 m/s; in 
hydrogen they are 1838 and 1286 m/s; in oxygen 461 and 317 m/s 
respectively all at N.T.P, however. We picture the propagation of 
sound waves as due to a directional motion of molecules imposed 
upon their random thermal motion, So the energy in a sound wave 
is carried as kinetic energy from one moleculeto the nex: with which 
it collides but the molecules cannot in spite of their high speeds, 
move very far during the period of one vibration, An explanation 
of a macroscopic fact is provided from the microscopic idea. 

C. RMS. velocity and Escape velocity of gas molecules from 
Earth : We have seen before (§ I1-1.17) thatthe latter is about 1 1.2km/s 

- —30 times as much as velocity of sound and 6 times greater than 
rms. speed of H, bothat 0°C. Now remember that speeds of indivi- © 
dual molecules widely fiuctuate from their r.m.s. values and faster 
molecules would get lost from the atmosphere. These speeds were 
much higher when the earth was far, far hotter in the remote past 
and so the lightest of the gases H, and He mostly escaped, 


the mean free path j= (IV-6.7. 1) 


D Mean and Root Mean Square: Velocity. Though for the most 


elementary calculations we may take all molecules of a given gas to 
ilar speeds 


have the same speed at a given temperature the molec 
are not really equal, ‘The average value of their speeds ata giyen 


"temp is the mean value corresponding to that temp. It is denoted 


by Cav, 
The square root of the average value of the squares of the 
n square velocity denoted 


molecular speeds is called the root mea j 
byc. That these two are not equal can be readily seen ; let us have 
only 3 molecules with speeds 9, 10 and 11 units. Clearly the mean 
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Nelocity (C,,) is 2 (9410-411) units whereas c*—4 (924102 
4-112)2100.67 or c—10.03 units, 

IV-6.8. Deduction of macroscopic Gas laws from the Kinetic 
Theory. In spite of the basic assumptions which are not all exact 
a8 we shall see, the well-known gas laws can be derived from the 
basic equation IV-6,5,4 as follows : 

(i). Boyle's Law: From the equation 

P—imNc?/I5 we get PV—imNc? 
where V—/?. Now since at const temp c* is const, we have PV= 
const—the Boyle’s Law. 

(ii) Charles’ Law: From above we find 

PV—imNc*—$. imNc?—2 K.E. of all the molecules 

Above we have found that 

. Total KE. of all gas molecules —const x T. 
Hence V=? K.E /P=2 const x T/P. 
If P is kept const then 
V—constXT or WoT which is Charles’ law, 

(iii) Avogadro’s Law: Let us have two gases at same temp 

Pressure and volume., Then we must have 
PV m,N,6,*—b m,N,c,* 

Since they are at the same temp, the kinetic energy of indivi- 
dual molecules of the two gases are equal iie, 1,6, 2—1 mcs, 
So N,—N, ie. molecules in equal volumes of all gases under the 
Same pressure and temp are equal in number which is Avogadro’s 
Law. 

(iv) Grahams Law of Diffusion : It states that the rate of 
diffusion of a gas through a porous vessel is inversely proportional 
to the square root of its density. From the kinetic theory it is 
obvious that Rate of diffusion .oc R.M.S velocity (c) 

Now from the equation IV-6,5.5 we have 

€— V3Pl, .. Rate of diffusion cc 1/ Jp 

IV-6.8. Limitations of the ideal gas laws. Ideal gases have 
-been defined as gases which obey both Charles’ law and Boyle's 
law at all temperatures and pressures, No real gas is perfect 
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because (i) when sufficiently cooled a gas becomes a liquid; and 
(ii) at high pressures the product PV of all gases increases. Besides, 
real gases also show other deviations from Charles’ law and 
Boyle’s law. 

Real gases do not fully satisfy all the basic assumptions of the 
kinetic theory of ideal gases, It was assumed that (i) molecules do 
not exert any appreciable attraction on one another and that (ii) the 
actual volume occupied by the molecules is negligible compared 
with the total volume of the vessel. “When at high pressures the 
molecules of a gas are brought close: together, they not only 
experience mutual forces of attraction, but the volume they occupy 
becomes comparable with the total volume in which they -are 
confined, When real gases at high pressures are sufficiently cooled 
they turn into liquids due to molecular attraction, 

Besides, molecules have a structure and all kinds of molecules 
cannot be treated as hard, perfectly elastic spheres, In this respect, 
the inert gases (He, Ne, A, etc.) ate closest to ideal gases 25 they 
are all monatomic, Other gases have two or more atoms to the 
molecule and gradually cease to behave as perfectly elastic spheres 
as temperature rises, 

As the distance between molecules'of a gas increases, the gas 


behaves more and more like an ideal gas. All the above basic 


assumptions ofthe kinetic theory come closer and closer to fulfill- 
inishes, At extremely low 


ment as the pressure of the gas dim 

pressures any real gas behaves practically like an ideal gas unless 

the temperature is also exteremely low. 
Though the ideal gas laws do not stric 

under ordinary circumstances, We shall, at this prelimi: 


tly apply to real gases 
nary stage, 


treat all gases as ideal, 

Van der Wals’ Equation of State $ 
that real gases do not obey the equut 
high pressure and low temperature, 
this behaviour, Van der walls disregarded the t 
the simplifying assumptions listed in § IV-6.4, 


We have discussed above 
ion PV=RT particularly at: 
In an attempt to explain 
hird and fourth of 
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He assumed the existence of weak attractive forces between 
the gas molecules (8 II-2,6D ), Because ‘of this, molecules are 
“somewhat slowed down near the container walls thereby lessening 
the exerted pressure by an amount say p. He also assumed that 
gas molecules are not volumeless and reduces the volume available 
"to the moving molecules by an amount, say b, So he proposed a 
revised equation of state for real gases which is 


(P+p) (V- b) RT 
or (P+a/V?) (V—b)=RT 


where P is the observed pressure exerted and 4, a const given by 
poaly?, . 


The law is fairly successful in explaining the behaviour of real 
gases, though not fully so, 


IV-7 
CHANGE OF STATE 


A. SOLID TO LIQUID 


IV-7.1 Melting and freezing. When a substance changes its state 
from solid to liquid, the process is called melting. The reverse 
process ¿e.a transformation from the liquid to the solid state is 
called solidification or freezing. 

The temperature at which melting occurs under standard 
atmospheric pressure is called the normal melting point. Similarly, 
the temperature at which solidification takes place under a standard 
atmosphere is the normal temperature of solidification, or normal 
freezing point. Meiting points are slightly affected by change of 
pressure. f 
For a pure crystalline substance these two temperatures are the 
same and a sharply defined one. Each pure substance has its own 
particular temperature at which it melts ( unless chemical change 
occurs before melting) The change from solid to liquid begins 
only when this temperature is reeched. The substance remains at 
this temperature until the ehange is complete 


Non-crystalline substances such as fat, wax, glass etc, pass 


through an intermediate soft state before melting. They do not 


possess a fixed or sharply defined melting point. ong of 
these substances melting and freezing occur not at the same 


temperature. Thus butter melts between 28°C d ps but 
soldifies between 23°C and 20°C. Impure substances an mixtures 


do not have sharp melting points. They = over a range v. 
temperatures. Sbarpness of melting point 1s, therefore. a test o 
purity, and is used by chemists #s such. a 


" 
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| The following table gives the melting points ofa few subs- 
tances : 


~ Substance Melting point Substance Melting point 


Brass. 800°C to ‘000°C | Paraffin Hard | 52°C to 58°C 
` Carbon about 3500°C Soft 38°C to 52°C 
(Copper 1083°C Platinum 1769°C 

Gold 1063°C Silver 960°8°C 

Iron (cast) | 1100°C to 1300°C Sulphur 119°C 

Lead | W32T.3:C- Tin 231:9°C 
Mercury | —38°87°C Tungsten 3380°C 


Naphthalene 802°C Zine 419 5*C 
Tt 596 


Melting point is generally lowered by impurities | Plumbers 
solder, an alloy of two parts by weight of lead and one part of 
tin, melts at 180°C, ihough lead melts at 327°C and tin 232°C By 

adding bismuth ( m p. 271°C ^to a mixiur. of 37% lead and 63% 
tin an alloy called Rose’s metal melting at 94°C resulis. Wood's 
metal which contains 50% bismuth, 25% lead, 12:5% antimony 
* (m.p 630 5°C) and 12:59; cadmium «m.p 320 9°C), melts at 65 5°C. 

Firefighting and alarm devices used in factories make use 
of such low melting alloys. Water Pipes are fixed to the ceiling, 
and at intervals nozzles filled wiih the alloy are fitted. If fire 
breaks out the alloy meits and water is Sprayed into the room. 


> Another part of the device, a bimetallic thermostat ringsa warning 


bell at the same time. 

1V-7 2 Latent heat «nd its origin. Whén a substance is heated, 
‘its temperature rises. Jt ig Supposed that iis molecules then vibrate 
with incresing amplitude as the temperaiure rises, The energy 
required for the larger vibrations comes from the heat supplied. 
‘This heat is called sensible heat. It increases. the kinetic energy 
of motion of the molecules. 

But the heat supplied to à solid during melting does. not raise 
the temperature. Where does then the energy go ? 

In crystalline Solids, molecules are arranged in regular 
geometrical patterns in space. (see fig, II-2, 1, ). They are held in 
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their equilibrium positions by forces of mutual attraction and 
repulsion. We have seen that in § IF2-5. Instead of being at rest, 
the molecules vibrate about their equlibrium positions with fre- 


quencies of the order 101%/s. This kinetic energy is proportional 
to absolute temperature. We bave seen that in the last chapter. 


The energy supplied to a solid at its melting point is used up 
in destroying its geome rical arrangement, thus melting the solid 
into a liquid without change of temperature. The heat which has. 
to be supplied to a solid at its melting point to produce a change 
in state without change in temperature is called latent heat. The 


lateat heat increases the goten:ial energy of the molecules, and is 
given out by the liquid when it freezes. — 


Th: specific latent heat of fusion ( or melting ) is the amount of 
heat required to convert one gram of solid iato liquid withcut any 
change of temperature. The same amount of heat will be given 


out by | gra» of the liquid when it solidifies at its freezing point 
without change in temperatuie. 


Use of the word specific to mean per unit mass is of late origin. 
Older texts write ‘latent heat? 10 mean ‘specific latent heat’, that 
is, laren: heat per unit mass, The statement that “Latent heat of 
ice is 80 caloris” is a loose statement and means 80 calories of heat 
will be required to convert 1 gram of ice at 0°C to 1 gram of water 
at 0°C Laten: heat is expressed in heat units per unit of mass, 
such as calories per gram (or Btu per lb etc.). 


The foilowing table shows the melting points and latent heats 
of a few substan. es ;— 


Substance | Melting point (in°C) "Litent hèit (in al/s) 
Meisner 5 
Acetic acid 167 ci 
Ammonia -T7T m 
Berzene 55 v 
Glycerine 2 SoH 
“Ice 
7 6 
alee 2 28 
Mercury $ : e 
Sulphuric acid 105 y 


Tin 
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^ The large latent heat of water may be utilised to prevent damage 
.to'meat, fruits and vegetables in storage. Ex'reme cold may 
freeze their Sap or otherwise reduce their food value, To 
prevent such freezing, a few buckets of water are kept in the store 
room. Wien the temerature cf the room goes below 0'C the 
‘water in the buckéts Sredually freezes and releases its latent heat. 

This raises the temperature of the room and it Mey not go down 
‘far encugh to freeze the sap Freezing releases the jatent heat ; 
freezing may thus be considered as a heating process. 

No freezing occurs unless latent heat js extracted. A liquid will 

not freeze by merely Teaching its freezing point, Latent heat of 
fusion must be extracted from it. This can be easily proved by 
keeping water in a small phial fully surrounded by ice. The water 
will soon reach the freezing point (0°C), but will no: freeze. It 
must be cooled below 0°C, even though slightly, so that the latent 
heat may be extracted. (Loss of heat lowers the temperature of a 
body. On this view, latent heat is not heat, but internal potential 
energy of the molecules of the liquid. 

The same applies to melting. A solid kept at its melting point 
will not melt unless the latent heat is supplied, 

IV-7..3, Supercooling. Sometimes, a pure liquid, cooled 
undisturbed, does not freeze even though it ‘has been cooled below 
the normal] freezing point, This phenomenon is ‘known as 
Supercooling. | Sodium thiosu!phate (popularly known as *hypo), 
thymol, naphtalene, etc, can be melted and then cooled carefully, 
much below their normal freezing points without freezings. 
Supércooled liquids are very unstable; a slight disturbance or 
the addition of a crystal of it may be enough to start solidificia- 
tion of the whole mass. The temperature rises to the normal 
freezing point at the same time. 

Sublimation. There are some solids which, when heated, directly pass on 


to the gaseous state without Passing through the liquid one. Thie phenomenon is 
called sublimation, Camphor, iodine, dry ice ( solid CO2 ) sublime eyen at tho room 
temperature, Sublimation also requires latent heat, 


N 
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IV-7. 4. Determination of the latent heat of ice. Take a clean 
dry calorimeter with a wire gauze stitrer and weigh it empty. 
Fill it partly with water and weigh again. The difference gives 
the weight of water taken ( m g ). The wire-gauze is necessary 
to keep the lighter ice pieces submerged in water, 

Put a thermometer init and record the initial temperature. 
Let. it be t,"C. 

Take one or two small pieces of ice and soak away all water 
from them by means of a piece of blotting paper. Holding the 
ice pieces in the blotting paper, drop them into the calorimeter. 
Stir the water keeping the ice immersed under water below the 
stirrer. Note the lowest temperaturature reached. Let it be rC. 

Wait till the calorimeter and its contents/are again at the room 
temperature. Weigh them again, The excess in weight gives the 
amount of ice added. Let the mass of ice added be m' g. 

Let W be the water equivalent of the calorimeter, and L, the 
latent heat of ice per gram. 


Then, heat iost by the calorimeter zW(t—t); 
heat lost by the water =m(t,—1); 
heat gained by ice on melting =m'L ; 


heat gained by water formed ofice =m't. 
Since heat lost=heat gained 
we have (W +m) (t;-H)=m'L+mt 


B ptm), (00 (V4.1) 

Note: To guard against such a fall in temperature of calori- 
meter as will deposit water from the atmosphere on its sides, only 
one or two small pieces of ice should be added. 

The method is that of mixtures. It can alternatively be found 
by Black’s Ice calorimeter, $ IV-2. Uesing a ball of known sp. heat, 
Specific latent heat can be found from eqn S=mL/Mt, But the 


method is not so accurate. 


126 HEAT 


Example. IV-7.1 100 g of ice at—10'C are heated till fully con- 
verted into water at 30°C, Find the amount of heat ne essary. 
( Given, latent heat of ice—80 cal, g and specific heat of ice=0.5 
calg ^C"... 

Solution s Heat required to raise 100 g of ice from—10°C to 
0°C=100 x 0.5 x 10=500 cal. 

Heat required to melt 100 g of ice at 0°C into water at 0°C= 
8000 cal= 3000 cal. 

Heat required to raise 100. g of water from 0°C to 30°C=100x 
30 cal. 

^ Total heat required = (500-+8000-+-3000) cal= 11500 cal. 

Ex. IV-7.2. 75 grams of water at 100°C are added to 20 grams 
of ice at— 15°C. Find the resuiting temperature, ( Given, specific 
heat of ice=0.5 and latent heat of ice=80 cal/g.) 

Solution: Let t be the final temperature. 

Heat lost by the warm water=75 x 1 x(100—2) cal. 

Heat gained by ice for being raised from—15°C to 0C 20x 
0.515 eal è 

Heat required for melting of ice=20x 80 cal, 

Heat gained by water (formed ofthe ice ) for being raised 
from 0 C to C220 x 1 xt cal, 

<. 15x(100— 0)—150--16004- 20? whence ¢=£0.52°C 


Ex. IV-7.3 20 grams of water at 100°C are added to 75 grams 
of ice at— 15°C. Find the result. 


N. B. Nove that this problem is of the same nature as the 
previous one. If treated in the same way it will give a common 
final temperature lower than that of the ice. Obviously this is 
absurd as by adding hot water ihe temperature of ice cannot be 
lowered. 


. The fallacy lies in assuming that all ice has melted. This is 
true in tbe first case, but does not hold for the second. 


The following method of treatment is recommended. 
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Heat required for raising 75 g of ice from—15‘C to 0°C=75 x 
0,5x15— 592.5 cal 

Heat required for melting: 75 g of ice at 0C to water at 0"C— 
75 x 802» 6000 cal. 

Now ifthe hot water cools upto 0'C the heat given out will 
be 20 x 1 x 100— 2000 cal, “OF this heat 5925 ca] will be required 
to bring the ice upto 0°C. The remaining 1437.5 cal will be 
available for melting ice. 

«. The quantity of ice melted would be 1437,5/80— 17.97 g. ` 
The result will be 57.03 g of ice and 20--17.97 g of water at 0°C, 

Ex. IV-74. 900 g of iron at 500'C are transferred into a hole 
in a block of ice and 680 cm? of water collected from it, 1f the 
specific heat of iron is 0'12, find the latent heat of ice. 

Solution s The mass of 680 cm? of water=680 g Iron cooled 
from 500°C to 0°C. Hence heat lost by iron-900 x0.12x 500: 
cal. The heat gained by ice — 680 x L. 

68012:900:x:0:12x 500 or L=79.4 cal/g. 

Ex. IV-7.5 A calorimeter at 30°C contains 220 gof paraffin 
oil. The water equivalent of the calorimeter is 40g. When 15 g 
of ice at 0°C are added to it the temperature falls to 20°C. Find. 
the specific heat of paraflin. 

Solution: Heat lost by paraffin =220 x sx (30—20)= 22005. 

Heat lost by the calorimeter=40 x 10— 400 cal. 

Heat gained by ice in melting 15x 30— 1200 cal. 

Heat gained by water so formed in rising from 0°C to 20°C 


=15 x 20= 300 cal, 
2200s-+400= 1500, whence s=0.4. 

IV-7.5. A. Change of volume on melting. The volume of most 
solids increases on melting ; but there are a few substances, viz 
ice, cast iron, bismuth, antimony and typemetal, which show a. 
decrease in velume on melting. This property of cast iron and 
type metal is taken advantage of in making castings of various. 
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| | designs from iron and in the manufacture of types for printing, 
-. The fact that ice floats in water is of great consequence in keeping 
aquatic animals safe in the-seas of the arctic regions or in waters 
which freeze in winter, 

In expanding on solidification water exerts a considerable 
force. The following examples testefy to that. 

1. In cold countries water pipes are sometimes found to burst in 
winter, hot water pipes bursting more often than cold water pipes. 
Hot water contains much less dissolved air than cold water In 
cold water pipes the dissolved air remains as air pockets when 
water cools and finally freezes. The increase of volume of water 
on solidification compresses these air pockets. The cold water 
pipes may thus be saved from bursting. 

2. Boulders waich have retained some water in their cracks may 
fall inte pieces when, in cold winter nights, the water in the 
cracks freezes and expands. This triggers off deadly avalanches 
on high mountains. 


B. Calorimetry based on Decrease of Volume of Ice on Melting. 
Bunsen's Ice Calorimeter. This is the most accurate of all ice 
calorimeters. | fis action depends on the change of volume that 
ice undergoes on melting. 

Description. It consists of a test tube P sealed to the wider 
limb Q ofa U-tube SQ (fig IV-7, 1). The upper part of Q is 
filled with water from which air has been expelled and the 
remaining portion of the U-tube contains mercury: up to the 
mouth of S. The mouth is closed by a rubber stopper through 
which passes a bent glass tube R of narrow bore. A scale is placed 
behind R. The screw T through the stopper is used for adjusting 
the position of the free end of mercury in the tube R. 

` Procedure, action and theory. To work with the apparatus the 
whole of it is placed in melting ice for about 12 hours so that the 
temperature of the contents reaches 0°C. Some ether, previously 
cooled to 0°C, is then poured into the test tube P, Air is blown- 
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through the ether, which evaporates and produces local cooling. 
Asa result some water in the limb Q of the U-tube deposits as ice 
on the sides of the test tube 
P. When all the ether has 
been evaporated. a small 
quantity of water: at 0°C is 
put in the test tube, The 
position of the free end of 
the mercury thread in the 
tube R is then suitably 
adjusted. by working T and its 
reading on the scale taken. 

A weighed piece of the 
experimenial solid at 4 
known initial temperature is 
introduced into the test tube 
and the open mouth of the 
test tube plugged with cotton. i Fig. D-T. * 

The solid loses heat, which — f 

melts some of the ice around P. AS the volume of ice diminishes 
on melting, the mercury thread in R recedes towards S. When the 
mercury thread attains a steady position the solid must have 


fallen-in temperature to 0°C. " 

If we could know the mass m of the ice melted, wecould apply 
the sáme formula as in Black’s ice calorimeter, viz, s—-mL/Mi. Büt 
m cannot be determined directly. The shift of thé mercury thread 
is known and the inner cross-section of the tube’ is determined, 
Thus the change in volume'of ice v on melting isfound. © = 

Since we know thats a: diminution of: 0,0907 ec. takes’ place 
when.1 gram of ice melts, a diminution of y cc must’ be. due’to 
the mebing of oi Substituting this value of m in the eq. 
MS (t-o )=mL we have. XL 50:005 vU (EV71,5.] 

S (to )- mL we uo avs.) 


9 ad 
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"Advantages. The apparatus can be conveniently used to 
measure the specific heat of a substancc or the latent heat of ice 
accurately. (i) It can measure the specific heats of small bodies, 
such as gems, pearls etc., or of rare materials which can only be 
i obtained in small quantities ; there is (ii) no loss due to radiation, 
il the greatest source of errorin the method of mixtures, (iii) the 
water equivalent of the calorimeter need not be known (iv) nor 
are thermometers necessary. 


IV 7.6. Effect of pressure on melting point, Melting point of 
substances are slightly affected by pressure. Most liquids contract 
on cooling and this continues till they turn solid. In these 
cases increase of pressure assists the change from liquid to solid. 
il Such a liquid will therefore, freeze more easily, that is, at a 
| higher temperature when under pressure. Liquids like water 
| which expand on freezing, will freeze at a lower temperature 
| when subjected to pressure, Here the increase in pressure opposes 
| the change ; hence it becomes necessary to reach a lower tempera- 
| ture before freezing can take place. Ice melts at—1°C under a 
| pressure of about 134 atmospheres. 


Reduction of pressure on ice will raise its melting point, In a 
vacuum it melts at about 0.072°C, 


| A, Regelation. The familiar phenomenon of fusion of two 
| pieces of ice to form a single piece by pressure isan example of 
| lowering of melting point under pressure When. two pieces of 
ice are pressed together the points of contact between them are 
subjected to. high pressure. Hence the melting point at these 
places is lowered. The actual temperature at these points, i. e., 
0°C, is higher than the melting point under the condition of high 
pressure... Hence ice.melts ‘at these points taking the latent heat 
| from their immediate surroundings, When the Pressure is released — 
the water around the points of contact freezes as it is lower than 
\| ("C due to the abstraction of latent heat from’ ít during melting. 
| The two pieces are thus temented together, The melting of ice 
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by pressure followed by solidification of the water so formed on 
removal of pressure, is known as regelation. 

Skating on ice is another example of regelation. The steel 
edges of the skate exerts a high pressure on the ice. The ice below 
the steel edge of the skate immediately melts, This reduces friction 
to the motion of the skate. As soon as the skate moves away, 
the water solidies as the pressure on it has been reduced. 

B. Bottomley's experiment. A single turs: of bare, thin copper 
wire is wound round a large block of ice supported on two 
wooden blocks as shown in fig. IV-7 2 
and is loaded by a weight of several 
kilograms, The copper wire will be seen 
to cut through the. block of ice and 
pass out of it, while the block remains 
intact. This is no magic. 

Duc to the load, the thin wire exeris à 
rather high pressure on the ice just below 
itand lowers the melting point at that 
place. The iceat that place, therefore melts, taking the latent 
heat from the surroundings through the copper wire, Copper is 
a very good conductor of heat. The water so formed flows round 
the wire which sinks. This water freezes immediately due to the 
removal of this pressure oa it. The latent heat it gives out passes 
through the wire and supplies the latent heat of fasion for the 
ice below the wire, This process is repeated and each layer is 
cemented as soon as the wire cuts through it. Ma 

For the success of the experiment it is necessary that heat be 
allowed to flow from the solidifying water to be melted below 
the wire. The wire must, therefore, be made of a material which 
conducts heat well. The experiment will not succeed if the wire is 
a bad conductor of heat (a string), nor if the wire is thick. (Why ?) 
C. Glacier and lava, High up om the mountains there are 

lar depth from the top the 


heavy deposits ofice. Ata particular depti i 
pressure may be enough to push the melting point below the 


Fig. IV-7 2 
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actual temperature at that depth. -The ice at that place, therefore, 
melts and detaches the portion above it from the general mass. 
The detached portion moves slowly down the slope. These large 
moving. ice-masses, which may be looked upon as solid rivers of 
ice, are called glaciers. The lowest layer ofa glacier is always 
melting. Our Himalayan rivers rise from such glaciers. : 

A volcano occasionally gives out a stream of lava, This may 
beexplained as follows. The basaltic igneous rocks below the 
earth's crust containing sedimentary rocks etc, are at sucha 
temperature that they would remain in the molten state under 
normal pressure. But due to the pressure of the earth's crust their 
melting point is raised (for basalt increases in volume on melting), 
These rocks therefore exist in a semi-solid state. When for any 
reason the pressure over the hot semi-solid substance is reduced, 
as may occur during a volcanic outburst, the basaltic rock 
becomes fluid due to the removal of pressure and the molten mass 
gushes forth through the crater ss lava. 


While flowing along the mountain slope the lower layers of 
the lava siream will solidify earlier. The lower layers have a 
higher freezing point as they are subjected to the pressure of the 
upper layers. Liquid lava flows over the solidified lower layers. 

Heavy Ice. It has been shown by Prof, P. W. Bridgeman of 
the Harvard University, U. S. A., that when water is frozen under 
a pressure of nearly 20,000 atmospheres, the ice formed is heavier 
than water. This heavy ice formed under a pressure of 40; 000 
atmospheres melts at a temperature ‘of 76°C. » 


à 1y-77.. A. Freezing Point ofa a ‘Solution : A pure solvent may 
haye a definite, freezing point, "but ifi a solute i is. ‘dissolved in it the 
freezing point is lowered, Thus pure water freezes : at 0°C, but à 
‘solution ‘of common salt in water freezes at a temperture Mer 
than (*C. the actual temperature of freezing depending on the 
concentration ofthe salt in solution. The higher the concentra- 

‘tion the lower the dreezing point, 
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When a solution of common salt is graduatly cooled below oc 
some water freezes below a certain temperature depending on the 
concentration, The ice so formed does not contain salt, With 
gradual cooling more and more water freezes and the percentage 
of salt in the remaining solution increases. This continues till 
ata temperature of —21.2°C the solution freezes as a whole. 
In this conditon the solution contains about 22.4% of common 
salt. If originally more salt than this is dissolved in water 
and the solution is gradually cooled, the excess of salt is deposited 
as crystals, The temperature at which a solution freezes as 
a whole ( without separation of solute or solvent) is called the 
eutectic point and the mixture is called a eutectic mixture. 

B. Freezing mixture ¢ When salt is mixed with icethe heat of the 
salt melts some ice anda saturated solution of salt at 0°Cis formed. 
But ice cannot remain in equilibrium with such a solution, just 
as it cannot do so with pure water above 0°C. So the ice melts 
drawing the latent heat from the system, which cools, If enough 
salt is present this cooling continues until the eutectic point is 
teached, at which the ice and the solution can remain in 
equilibrium. Cooling is aided by the heat absorbed when a salt 
dissolves in water 

Ifthere is not enough salt the eutectic point will not be 


reached. It there is more salt than is necessary to reach the 


eutectic point when all the ice has melted, the extra salt will re- 


main undissolved. Its heat will prevent the temperature from 
going down to the eutectic point. So will leakage of heat from 
the surroundings. ; 

When powdered ice and saltare mi ; 
4:1 by weight the temperature falls to —18°C. If ice and CaCl, 
are mixed in the proportion 7 : 3 the temperature falls to —50°C. 
A mixture of powdered ice and KOH in the same proportion will 
make a better freezing mixture. 

Freezing mixtures are used to fre 
Well-known ice-creams. 


xed in the proportion 


eze milk preparations the 
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IV-7.8. Laws of Fusion ; Summarising what has gone before we 
have (i) All substances begins to fuse at a characteristic temp, 
constant for a crystalline substance provided the pressure on it 1s 


unchanged. So long asthe whole mass does not melt. the temp 
does not change. For non-crystalline substances, fusion oecurs 
over a small range of temp. : : / 

(2) Ifa substance expands on solidification (like ice) the 
m. p. is lowered with rise in pressure ; most substancis contract 
on melting and for them a rise in pressere leads to rise in m.p. , 

(3) For analloy its m.p islower than that of any of its 
constituents. 24 bi 

(4) Fora crystalline solid, specfic latent heat fo fusion is à 
constant characteristic of the substance. 

(5) Fre:zing point of a solution is always lower than the 
freezing-point of the pure solvent, 


B. CHANGE OF STATE ( LIQUID TO VAPOUR ) 
1V-7.9.4. Vaporization, When a liquid is heated it ultimately 
changes into vapour. Such a change is called vaporization. It 
can take place in two ways, viz. (1) by 
evaporation, and (ii) by boiling. The reverse 
process of change of state from vapour to 
liquid is called condensation or liquefaction. 
Vapour exerts pressure like a gas. This may 
, be seen as follows. 

Take a barometer tube filled with mercury 
and invert it over a mercury trough. 
„Introduce a few drops ofa liquid, such as 
„Water, alcohol or ether, into the tube with 

the help of a bent pipette (fig. IV-7.3). As 
the first drops rise. through the mercury 
column and reach the vacuous space above, 
they turn completely into vapour. The 
,vapour so formed depresses the mercury 
column, showing that itexerts pressure like 
a gas, ; 

As you introduce more and more of the liquid into the 
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tube, a state will be-reached when it no longer evaporates, but 
accumulates on the mercury surface. When this condition is 
reached, the pressure exerted by the vapour increases no more. 

These observations show that (i) a vapour exerts pressure, and 
(ii) there is a limit to the amount of vapour that à space (here the 
Torricellian vacuum ) can hold, If we increase the temperature 
of the Torricellian space by surrounding it with.a suitable bath, 
it will be found that the maximum vapour exerted by the liquid 
increases with rise of temperature and the space can hold more 
vapour at higher temperature. i : 

By using different liquids, we can see that the maximum vapour 
pressure a liquid can exert at a given temperature depends on the 
nature of the liquid. 


B. ‘Vapour pressure. When a liquid is confined in a closed 
space, the escaping molecules move about at random in the 
available space. They constantly collide with the walls limiting 
the space. Thus they exert a pressure at every point of the 


boundary surfaces including the liquid surface. Some of tke 


molecules impinging on the Jiquid return to it while some others 
ibrium is reached in. which 


leave the liquid, Soon a state of equil 

as many molecules leave the surface ss enterit in a given time. 
When this condition has been reached the pressure exerted by the 
vapour isa maximum. This pressure is variously known as tbe 
equilibrium vapour pressure, maximum vapour pressure, saturated 
vapour pressure ( abbreviated SVP ) or simply, vapour pressure of 
the liquid. For a given liquid SVP is detemined only by the 
temperature. Its value increases with tise of temperature, and 
depends on the nature of the liquid. The nearer a liquid is to its 


normal boiling point the greater will be its vapour pressure. 


IV-710 Evaporation. Evaporation is the slow sen of 
conversion of à liquid into the vaporous state, It is easy to 
confirm the following facts about evaporation. Many of them are 


part of our daily experience. 


BNET 
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(i) Evaporation takes place at all temperatures and. under all 
pressures. 

Gi) The rate of evaporation increases with rise of 
temperature. 

(iii) The rate of evaporation also depends on the pressure. 
The lower the pressure on a liquid the faster will it evaporate. 
Evaporation is quickest in a vacuum. 

(iv) The greater the area of the exposed surface the greater 
the evaporation. 

(v) Evaporation is speeded up by a current of air over the 
liquid. 

(vi) The rate of evap.ration depends on the amount of the 
of the liquid present over the liquid surface. The higher it is the 
slower is the evaporation. A moist cloth dries much slower on a 
wet day than on a dry day because there is more moisture ina 
wet day. 

(vii) Of two liquids the one which has a lower boiling point will 
evaporate more quickly, Ether evaporates much more quickly 
than alcohol, and alcohol quicker than water. The boiling points 
of ether, alcohol and water are 35°C, 78°C and 100°C respectively. 

(viii) Heat is required for. evaporation. If it is not supplied 
the liquid cools itself or its surroundings to get the heat. 

All liquids have a tendency to turn into vapour atall tempera- 
tures, This tendency is measured by the maximum. vapour 
pressure a liquild can exert at the. temperature at which it is. 
Vapour pressure rises with increasing temperature. A liquid 
begins. to boil when its vapour pressure equals the pressure on it. 

The average kinetic energy of the molecules of a liquid 
depends on its temperature, and diminishes with lowering of 
temperature, In evaporation, some of the faster molecules near 
the liquid surface overcome the attraction of the rest of the liquid, 
and leave the liquid. When a liquid loses its faster molecules, 
the average molecular kinetic energy is lowered. This means a 
lower temperature, that is, gout Unless heat enters the liquid 


N 
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from the surroundings, its temperature will be lowered due to 
evaporation. 

In rapid evaporation, there can be much cooling because the 
faster molecules are carried away very fast. 

IV-71:. Boiling. Take some water ina flask fitted with a 
rubber stopper.. Pass through it a tbermometer, an open-tube 
manometer,and a delivery tube provided with an india-rubber 
tubing and. a pinch cock ( fig. IV-7,4) 

Heat the flask slowly over a Bunsen flame, As the temperature 
gradually increases you will find more and more steam tising 
from the surface. ( This is no: boiling). Also, the dissolved air 
in the water forms into small bubbles, rises to the surface and 
escapes, At about 70°— 80°C, small bubbles of water vapour will 
be seen to form at the bottom of the Aa 
flask. They rise and collapse as they reach “= 
the upper layers of colder water. At this í 
stage a simmering sound is heard. In the 
final stage the bubbles rise to the top and 
burst at the surface. When this happens 
we say that the liquid is boiling. During 
boiling, vapour rises to the surface from all 
points throughout the liquid. The tempera 
ture of the liquid remains consant so long 
as the boiling continues. , 

The vapour within the flask is invisible 
like air. Asitcomes out of the delivery | Fig. 1V, T4 
tube it condenses into small wate: drops 
which look like a white cloud. This cloud soon vanishes as the 
droplets evaporate in the open air. 

During boiling, the manometer reg 
When the delivery tube is wide open, mercury in both limbs of 
the manometer stands at the same height, showing that the 
pressure inside the flask is equal to that of the atmosphere. 

gh we may safely conclude 


If boiling has continued long enou 


isters a constant pressure. 
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‘that air inside the flask hes been completely replaced by water 
vapour. Sothe pressure inside the flask is that exerted by the 
water vapour only, This shows that when there is a free communi- 
cation with the atmosphere a liquid boils when its vapour pressure is 
“equal to the atmospheric pressure. 

The constant temperature at which a liquid boils under normal 
atmospheric pressure is called its normal boiling point. The boiling 
point of water under a pressure of 76 cm of mercury is 100°C. 

IV-7.12 | Effect of pressure on boiling point. 

(1) Increase of pressore on a liquid raises its boling point. 
During brisk boiling, close the pinch cock partially ( fig. IV-7.4. 
If itis closed enough- so that Tate of outflow of steam through 
the tube becomes less than the rate of generation, the manometer 
will show a higher pressure in the flask. 
The thermometer also shows a higher 
temperature when the liquid boils under 
this condition of increased pressure on its 
surface, 


We, therefore, conclude that an 
increase in pressure on the liquid surface 
results in an increase in the boiling point 
of a liquid. 


(2) Lowering of pressure on a liqui 
lowers its boiling pont. 


1 A 
EN 


(a) Franklin's experiment. Take a flask 
oA : 


half-full of water and boil it briskly. After 

Fig. IV-7. 5. boiling has proceeded for some time so 
the air inside has been driven out by water vapour, remove the 
flask from the flame and quickly close it with a rubber stopper. 
Note that boiling stops immediately. Now invert the flask on a 
retort holder and pour cold water on it (fig IV-7.5. The water 
Within the flask will be seen to boil again. This boiling lasts for 
„a Short time. The experiment can be repeated several times 
after the first boiling. 9 
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The explanation is simple. Part of the water vapour above 
the surface of the liquid condenses into water due to the cooling 


of the surface of the flask. This results ima diminution of pressure 


on the liquid surface. If the pressure is lowered below the vapour 


pressure of the water in the flask, the liquid boils. 

This shows ‘that aliquid may be made to boil ata lower 
temperature than its normal boiling point. This happens when the 
pressure on it is reduced below the normal atmospheric pressure. 

Boiling under reduced pressure has its application in industry. 
There are chemicals, such as H,0,, which decompose b:fore 
reaching the normal boiling point, In manufacture, they are 
separated by distillation at a reduced pressure. 

In the sugar industry, sugat js separated by crystallization 
from solution, The syrupy solution has a 
high boiling point, It is made to boil at a 
lower temperature by reducing the pressure 
onit, This economizes fuel consumption. 

(b) Boiling of water at room temperature. 
Water may be made to boil at room tempera- 
ture without heating. For this putpose a 
high speed exhaust pump and towers contain- - 
ing absorbents of water vapour, such as 
anhydrous CaCls. are necessary. 

Takea rather small quantity of water 
in a flask. and close it with a rubber stopper. 
Through the stopper pass a. thermometer 
and two glass tubes, one of which is connected to the pump and 
the other toa closed-tube manometer (fig. IV-7.6). The pump is 
connected to the flask through two absorbing towers containing 
fused calcium chloride. See that the system is leak tight. Now 
work the pump. When the pressure falls: considerably the water 
in the flask begins to boil at the room temperature. As the boiling 
is continued the thermometer may register a temperature à little: 
lower than the room temperature. 


Fig. IV-7. 6. 
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(0 For a liquid to boil, its vapour pressure must be equal to the 
š pressure on it. A liquid issaidto boil when bubbles of vapour 
formed within it rise to the top and burst on the surface. The 
‘pressure inside a bubble is due to the vapour it contains. To form 
this bubble the vapour must push the liquid away at the place 
where it is formed. For this purpose the pressure of the vapour 
“must at least be equal to the pressure at that Place of the liquid. 
Hence the vapour pressure of the liquid must at least be equal to 
the pressure on the liquid. 

At lower depthsin a liquid the temperature must be a little 
"higher than at the top so that bubbles may form, Hence in 
measuring a boiling point, the thermometer should be placed in 
the vapour, and zot in the liquid. 

. Boiling point of a solution. Make an arrangement as in 
Aig. 1V-7.4. Add some salt to the water in the flask and put the 
thermometer bulb within the liquid. Note that boiling sets in at a 
higher temperature when the salt is added. 

Slowly raise the thermometer above the liquid in the flask. 
Note that the temperature recorded gradually diminishes until it 
is the same as we would get if we had pure water boiling inside, 
This shows that the boiling point of a solution is higher than that 
of the pure solvent under the Same pressure. But the temperature 
ofthe vapour is ultimately thesame as for the pure solvent 
boiling under the same pressure. 

Boiling point of a solution rises with its concentration. 

1V-7.13. Characteristics of boiling and factors affecting it. 

Summarising, we may say as follows : 

(i) Boiling takes place at a definite temperature under a 
"definite pressure! The temperature at which a liqüid boils under 
normal atmospheric. pressure is called the normal bolling point. 

'"(ii) For pure liquids the temperature at which boiling takes 
place ata given Pressure depends.on the nature of the liquid; 

Gii) A liquid boils when its vapour pressure is equal to: the 


pressure on its surface. Hence the boiling point 0f à liquid rises 
or falls with the pressure on it. ^ 


ET 
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(iv) Ata given pressure, the boiling, point of a solution is 
higher than that of the pure solvent, But the vapour formed has 
finally the same temperature in both cases. i 

(v) Boiling is accompanied by absorption of heat. The rate 
of boiling depends on the rate of heat supply. 

(vi) Boiling is accompanied by a large change ia volume. 1 cm? 
of water, on boiling at 100°C, forms about 1650 cm? of steam. 


Table. Normal boiling points cf some substances in °C 


NENNEN Er) PA TUR ee 
Substance | Boiling | Substance tee Substance | Boiling 


point point | : point 
Sulphur | 444° Water ^ | 100 ^| Ammonia | = 34 
Mercury | 357 Alcohol 18° Oxygen — 183° 
Paraffin. | 350°-530°|Chloroform| 61° Hydrogen | —253° 
Glycerine | 290° ` Ether | 35° Helium — 269° 


Difference between evaporation and boiling. From the charac- 
teristics of the two processes already discussed, we may say that 


the fundamental differences between them are the following :— 
at a definite temperature under à 


(i Boiling takes place 
definite pressure, but evaporation takes place at all tempertures 


under any pressure. 
(ii) Boiling takes pla 
while evaporation takes p : 
1V-714, Hypsometry. Boiling at high altitudes. Atmospheric 


pressure is the greatest, at the sea level and d 
point of a liquid diminishes with lowering of 


ce throughout the bulk of the liquid 


j ey Mts 35 
pressure, we should expect that i il 
\ varo “nea on the plains. This is actua ly so. On 
3°C; on Mt.Everest. (29,028 ft) 
at 70°C. It has been estimated that at a height of 
65,000 ft water would boil 
At this height the water in our body, 


boule guy wavs [o 1 ioufw (25295 c ith MELAI odi lo 


^ 
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The following table gives the approximate. temperatures at 
which water boils at the heights mentioned, 


Boiling point 
(in °C) 


Height above sea-levet 
(in ft 


2000 ( 600'm) 
4000 


7000 93 
10,000 90 
15,000 85 
20,000 80 
25,000 74 


It would be seen that the boiling point of water diminishes 
toughly by 1°C per thousand feet (960 ft to be more precise) or 
300 metres of ascent above the sea-level upto about 20,000 f. A 
knowledge of the boiling point of water can, therefore, give us an 
idea of the height of the place above sea-level. 

TV-7.15. Boiling under increased pressure. Cooking at 
temperatures less than 100°C is of great inconvenience. For 
cooking at high altitudes or ina shorter time, a special kind of 
cooker, called the pressure cooker is used. It is now practically a 
common household equipment. 
In some industries, such as the 
paper industry, it is necessary 
to soften materials with water 
boiling at a high temperature, 
Such devices go by the general 
name of ‘digesters’. 

The principle of the cooker or the 
digester may be explained with the 
aid of fig 14 IV-7.7a. The vessel is 
made of thick sheet metal. The lid is attached to it airtight, A 
valve closes an opening in the lid, It is kept pressed in position 
by a suitable weight W (which, i in industry, may act through-a ` 
lever. The weight and the position of W determine the pressure 
of the steam in the vessel which will open the valve. If tlie steam 


Fig. IV. 7. Ta, 
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generated within the vessel attains a greater pressure, the valve 
will be forced open and the excess of pressure released. By 
suitably choosing W the water inside may be made to boil at acy 
desited temperature. If W exeris an extra pressure of about one 
atmosphere the boiling point of water on the plains will be about 
120°C. Meat can be cooked in 15 minutes with such a cooker. 
The external force on the valve can also be applied by an 
adjustable spring. Modern pressure cookers (IV-7.7 b) have a 
valve wich a fixed weight on it. The temperature inside is about 
110°— 115°C. i 

Papin’s digester is used in manufacturing paper pulp by 
boiling sawdust and caustic soda under pressure, in the manufac- 
ture of artificial 
silk and for extrac- 
ting gelatine from 
bones. In boilers 
of steam engines 
steam is generated 
under high pressure 
by making Water 
boil ata temperature 
higher than 100°C. { Pressure Cooker, A= Aluminium container 
Safety valves Open ` LaLid; Re Bubber sealing ring ; PV» 
when a pre-deter- Pin valve for escape of Bteam + 8V= 
mined pressure is Safety valve, HHandle] 
reached. Boilers of Big, TV. 1. Th« 
locomotive engines may have a steam pressure of about 250;1b 
per sq, inch(ie, over 15 atmospheres ) the water boiling at 
about 200°C. 

In autoclaves and hospital sterilizers water may be made to 
toil at about 135°C corresponding to a pressure at 30 Ib per sa- 
inch above atmosphere pressure. At this temperature bacteria 
and bacterial spores are killed. Dressings, towels ete, are” placed 
in the chambers of the sterilizer, High pressure steam circulates 


ae 
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through an outer jacket. Canning food is cooking under pressure 
Sealed cans are heated by high pressure steam to about 150°C to 
kill bacteria and also to cook. But it destroys the vitamins. 


IV-7. 16. Latent heat of vaporization. We have seen that 
there is no change of temperature when a liquid boils under 4 
constant pressure, Nevertheless, heat must be supplied even at 
the boiling point in order that the liquid may boil. Heat is also 
necessary to evaporate a liquid. This heat, which docs not raise 
the temperature of the liquid, but brings about a change of state 
from liquid to vapour, is called latent heat of vaporization. 


There is some attraction between the molecules of a liquid, 
but in a vapour the mutual attraction between molecules is. 
negligible. To convert a molecule of ihe liquid into a molecule 
of the vapour, it must be removed beyond the range of attraction 
of other liquid molecules. In other words, some energy is 
necessary to effect the change of state and this erergy will not, as 
in the general case, go to raise the temperature of the liquid. 
Latent heat of vaporization supplies this energy. It may be 
looked upon as being stored up as potential energy of the vapour 
molecules, and is released às heat when the vapour condenses. 


Quantitatively, the jatent heat of vaporization is the amount oF 
heat required to convert unit mass of a liquid into vapour at the 
same temperature, - It is measured in feat units per unit mass, 
generally in calories per gram, Latent heat is independent of the 
Process by which the change of state is brought about, Whether 
the liquid changes into the vapour by evaporation. or by boiling, 
it requires the same latent heat at a given temperature. i 

The statement that the latent heat of steam is 539 calories per 
gram then means that, water at 100°C is converted into steam at 
100°C, each gram will require. 539. calories for the change of 


state only, When 1 g of steam at 100'C condenses into water at | 


100°C, 539 calories of heat are released, 


4315. 021 Ui srp Iy dyit tsiis gd) marke d 
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More heat is released by condensation of steam than by cooling 
of boiling water. 1 g of water at 100°C will give out 100 cal of 
heat if cooled to 0°C. But 1g 
of steam at 100°C gives out. 
539 cal of beat.on condensing. i 
Thus the heat available by 
condenstion of steam is always 
much. greater than ; the “heat 
available by cooling water. 
This is why in cold countries" 
steam is led through pipes 
into condensers in a room | 
which it is required to, heat, 
As the steam condenses it siy i; 
gives out iis latent heat andog. oi. =i 
the condensed water returns through another pipe to the- boiler. 

The reason why à scald due to steam i$ more severe than one 

of heat released by the 


Fig 1V-7. 8 


due to hot water lies in the Jarget amount: 
condensation of seam. ’ 
IV-7. 17 Determination of the latent heat of steam. Take a clean 
dry calorimeter and weigh it. Fill it more than half with water 
and weigh again. Note its initial temperature. 
Boil water in a vessel, B (fig. 1V-7- 8) provided with a delivery 


tube leading to a steam ,trap T. From the Wap only steam can 


enter into the, calorimeter C through anojher tube. Ty condensed 
water will be arrested, in the trap and can, oe drained off from 


time to time. : A wooden, screen separates the, boiler B from the 
calorimeter C.. Allow the. steam to condense in the calorimeter 


for some time. Stir the water well and read off the final 


temperature after theisupply of steam has been cut off. 
Wait till the calorimeter and its contents” reach the room. 


temperature, Weigh them again. The difference from the second 
weight gives the mass of the steam condensed 
10 ED 1 


Letmg =initial mass of water taken. 
(HE -mass of steam condensed. 
Wg =water equivalent of the calorimeter, 
^C  =initial temperature of water, 


tC =final temperature, 
L =latent heat of steam in calories [er gram. 


Then, the heat lost by the stesm at 100°C to: condense into 
water at 100°C=m' x L cal. 
Heat lost by the water 80 formed to cool through (100— £)*C 
S —m'(100— t) cal. 
Heat gained by water and the calorimeter 
= (m+ W’)(t—t,) cal. 


aS m L+m(100—t)=(m+Wi(t-1,), from which Z can be 
calculated. : 


LSU 


Solution Let L be the latent heat. Heat lost by 11.5 g of 
steam ai 100°C to condense into water at 1007C— 11.5 x r. cal. 

This water at 100°C falls through (100—25)C° and. the heat 
lost=11 5x75 ca^ 862.5 cal, i 

Heat gained by 480 g of water 

=480 xl x 25—11) cal=6720 cal, 

Heat gaiaed by the vessel 5 190 x 0'1 x (25— 11) cal. 

Equating the heat lost to the he.t gained we have 
11.5L+86 546 204-266 whence L — 534.5 cal/g, 

EX. IV-7.8 20g:f ice at—} SC are heated till fully turned 
into stesm at 100'C. The steam is further heated t5 110°C. 
Find the amount of heat necessary. Given, latent heat of ice= 80 
cal/g ; latent heat of steam = 5 8 cal/g ; SP. heat of ice 0,5 3 Sp. 
heat of team —Q 48, ; TEZ 3 

Sclution $ Heat gained by ice in being heated from — 15°C to 
0C 20x 0.5 x 18—,50. cal, 

Heot gai ed by ice in melting at 0°C=20x 80— 1600 cal. 

Heat gained by water to rise in temperature from 0°C to 100°C 

=20 x1 X 100 = .00y Cal 
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i 0S Bek BUR. of } 
Heat gained by water at 100°C. for conversion into steam at 
100°C =90 x 538 = 10760 cal. j 
Heat gained by steam in being heated {rom 100°Ç,to 110°C 
= 20x 0,48 x10=96 cal, f 
-. Total heat required = 14606 cal. — 

Ex. IV-7.9 Steam at 100°C is injec ed into an ice calorimeter and 
100 grams of water at 0°C were collected. Find the amount of 
ice melted, given, latent heat of steam=537 cal/g. and latent heat 
of ice — 80 cal/g ‘ f 

Solution : -tet x g of ice melt. Then steam condensed 
—(100— x ).g, 

Heat given out by the steam at 100°C in condensing into water 
at 100°C=537 ( 100—2x ) cal. "ns i 

Hea: given out by water at 100°C in cooling down to oc 
=100 (100—x) cal. if 

Heat gained by ice at 0°C in melting into water ‘at 0c 
=xX80 cal ne oT 
537 (100—x)+ 100 (100—x)=xx 80. whence x =88'84g, 

IV-7.18 Cold, caused by evaporation. A liquid cannot 
change to. vapour unless the requisite amount of latent heat is 
Supplied. Hence when à liquid evapora es, the portion that 
evaporates draws iis lateat heat from its neighbourhood including 
the rest. of the Jiquid if there is no external source of heat. Asa 
resuit the liquid and its surroundings are, cooled. 


This explains a number: of phenomena which: we come across 
Dt 0 


in everyday tife. ut 1od m 

(i) © When spirit is sprinkled on ‘out skin, the spirit evaporates 
and takes the latent heat from the skin, which feels cold. 

~°Gi) “If afer a bath we exp se, ourselves to a wind, or after 
perspiration sit below a fan, the water on our body evaporates 
taking the latent heat from out body. We therefore feel cold. 

In tropical countries ay adult may perspire to, the extent of a 
litre or more of water, per day. ^ considerable part of it evaporates 
taking from, the body the necessary, latent heat, which is about 
580.000 calories per litre. This is one of the ways our, body gets rid 
of the superfluous Beat, . a eT Oba det 

(iii). Water. in an earthenware pot is cooled in supplying the 
latent heat of evaporation to the water that comes out through the 
pores in the pot and evaporates. jj A 

(iv) The dentist sprays the gum with a liquid known as ethyl 


u^ ———— 


|| " isan example of freezing by 
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chloride before he makes an injection. The rapid evaporation of 
"ethyl chloride cools and "freezes. the gum so as to make it less 
sensitive. ias 
7 !3V.719 Freezing by evaporation, (i) Pour a little water ona 
wooden block and place on ita thin tin can containing ether.. 
Bubble air rapidly through the ether by means of a glass tube and 
hand bellows. The rapid evaporation of ether cools the water 
and causes it to freeze. The 
“wooden block can then be 
lifted by the tin can: 
(ii) Preparation of dry ice, 
which is solid carbon dioxide, 


evaporation. Liquid carbon 
dioxide . contained under 
pressure in a cylinder ( fig. 
IV-7.9 ) issues in a jet through 
avalve. Therapid evaporation of the liquid cools it and a part 
freezes. This is collected in a muslin bag attached to the nozzle. 
_ Dry ice has a temperature, of—78°C. . It is. used, for cooling. 


Fig, IV-7.9 .. 


| T Tiri cream vendor uses dry ice to keep his goods from melting. 


efrigeration. “Use of refrigerators is now very common. You 
often see them in: a druggist: store, a; sweetmeat ‘shop or a house- 
hold. They provide cold chambers, around 0°C oriless, in which 
you keep food, sera, vaccines etc. for a long time without 
deterioration. Large rooms can be kept coo! in the same way as. à 
household refrigerator and used for large scale storage of meat, 
fruit and vegetenles for months. Ships which transport such items 
of food irom one country to another are provided with cooling: 
plants in their holds as in refrigerators. 
Cóoliu; in these devices is produced by the evaporation of 
liquid under reduced pressure in a set of coils called T rapora 
eoile; The cöóladt may be ammonia, sulphur dioxide, ethyl 
chloride or freon (CF3CI;). The coolant is called the refrigerant. 
An ice machine is in principle a refrigerator which cools brine 
Ch ea solution of salt in water), Tin cans containing pure water 
be embedded in the: brine, Water in these cans is frozen by the: 
id brine. ; 190 BY y fii 291t 
hyde 45 fay dh at i rod 


IV-8 
HYGROMETRY 


JV-81.. Water vapour in the atmosphere. Evaporation. is 
constantly taking place from the surface of water which covers 
more than two: -thirds of the face of the earth, Many millions of 
toas of water are drawn up into the air every hout. Air, must, 
ys contain some water vapour. Though, the 


therefore, alwa 
quantity of; water vapour is, small compared with the other 


constituents of air, such natural phenomena. as rain, dew, fog etc. 


areidue.to the condensation of moisture in aif; 

We. feel comfortable when the moisture in air lies within 
certain. limits Good living »: conditions, therefore, require a 
controlled amount of moisture <in the, airs Ay similar control «is 
g out someindustrial processes éonnected with 


necessary for carryin 
cotton and: wool) industries, artifical: seasoning of timber, manufa- 


cture of artificial silk ete. Besides, forecasting of weather requires 
a knowledge.of the amountiof moisture in the airi» It; therefore, 


becomes necessary, for us to determine» the moisture content imair 


at different’ places and times. Hygromeiry is. concerned with the 


mount of palier MEL in the air. 
Before n 


ck. to. a Iy-7.9 where an 


measurement of the a 
IV-82, Saturated, and unsaturated vapour 
further it, will be worth while to, £o ba 


experiment has been described to show that, 


(i. water Vapour exerts Pressures ai bison ni? j ! 
(ii) there isa limit to the amount, of water vapour that a 


given space can hold. |; 
„(iji) the vapour pressure as well. as the amount of yapour im 


the giverr'space increases. iih rise of temper NT EM 
When a space, coniains the . maximum | amount of water vapour 
re, x is. said to pi cun with 


it can. hold at a given temperata 
the vite Otherwise, it i8- "insaturalBl. The t ue 


and _ miuus ied ^a lvo applied 


D 
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maximum pressure which a vapour can exert at given temperature 
is variously called saturated vapour pressure (abbreviated SVP in 
this book ) maximum vapour pressure, or simply, vapour pressure 
of the liquid at that temperature, It easily follows that at a given | 
_ temperature, a saturated vapour exerts the maximum vapour pre- | 
ssure. If the pressure exerted bya vapour is less thanthe maximum | 
it'can exert at that temperature, the vapour is unsaturated. 

10 Ifa closed Space contains both a liquid and its vapour, the 
vapour is saturated. 

^ 1V-8.3. Dew’ peint. Ordinarily air does not contain enough 
moisture to saturate it; If the air at any place is gradually cooled, 
it will tend towards saturation. At à certain temperature a given 
volume of air will be saturated by the moisture it contains. This 
temperature is called the dew Point.’ Further cooling causes dew 
to appear. When you add ice to watet'in a tumbler, dew forms on 
the outside of the tumbler due.to the cooling of the surrounding 
air below the dew point, 

^ As the total pressure continues to: be the local atmospheric 
pressure, the pressure due to the vapour actually present. in the 
air is unaffected by - this cooling. Since at the dew point the 
vapour is saturated, the saturation vapour pressure corresponding 
to the dew point. is also’ the acual pressure due to the vapour 
Present. St i - 
The SVP of water vapour at different temperatures has been 
accurately determined and compiled into a table. If thé dew point 
at any place ata given time be determin:d, the actual pressure 
of vapour in the air could be found by reference to the table. 

» EB I | 


Table SVP of Water 


Tenipera-| Pressure: Tempera- 
tare (°C) (cm of Hg) 


Pressure | Tempera- Pressure 
ture (°C) (cm of H ture (*C) |(cm of Hg) 


TW. TUO 40 5.53 80 35.51 

50 9.25 90 52.59 
-60 ..| 14.994. |. 100 76.00... 
5. 41.2954 DO. 178.9 
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IV-8.4. Humidity of air. We often use the terms , ‘dry’ or 
‘moist? with respect to aif. The use of these ‘terms is generally 
dictated by our feeling as to whether the air contains little 
or much moisture. In reality this feeling depends on two 
factors, viz. (a) the ac ial amount of moisture present in the air 
and (b) the moisture necessary to saturate the air under the 
existing conditions. Strictly s peaking, our sensation of dryness or 
dampness of air depends more on the ratio of (@) to (b) than on 
the value of (a), The humidity ( or dampness) of air may be 
expressed in either of two ways. viz., dà) by the absolute humi- 
dity and (ii) by the relative humidity. 
defined as the mass of water vapour 


The absolute humidity is 
It is expressed in grams per cubic 


present in unit volume of air. 


metre of air 


Problem: Air at 30°C and 90% humidity is deawn into an air conditioning 
How many 


unit and cooled to 20°C. relatlve humidty being redueed to 50%. 
grams of water vatour have been removed by the sir conditioner from a cubie metre 
ofair? ( Absolute humidity at 3°C = 30g/m3 and at 20°O= 17 gem) i 
i [ Ans: y e ] 

The relative humidity is the ratio ofthe QU mass of water: 
lume, of the air to the mass of water 


vapour present in a certain vO! 
vapour sequired to saturate the same volume of the same temper- 
a percentage. Jf 1 cu metre of 


ature. It-is usually expressed aS 
air at a particular temperature contains 18 £ of water vapour and 
if 30 g of vapour are required to saturate it at the same tempera- 
ture, the relative humidity. is 60%, while the eios humidity. 
is 18g/m3. - 

Assuming that water vapour obeys 
saturation, the density-of the vapour, 


s 'Boyle's law up ihe point of 
„and hence the mass present 
ortionol to the pressure. it exert. | This 

the inaccuracy is not 


correct, . but, t 
“This leads | to anoiber. definition of 


in a given volume, is prope 
assumption is. not quite 
important for the purpose. 
relative humidity, viv, - isa ai] A Ps e bai b 
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` Relative humidity 


actual pressure of water vapour present in the air 


pire —— x 100. 
SVP of water at the temperature of the air og 


Y 


b i Since the actual pressure of the vapour present is equal to,the 
Saturation pressure at the dew point, we may also define relative. 
humidity as 


“o Relative humidity 


5 Saturation pressure of water vapour at the dew point 


F - ar. X 100 
^ Saturation pressure at the temperature of the air 


If the temperature of the air=35°C, dew point =26°C. SVP 


at 35°C=42.14mm of mercury and S V Pat 26°C—25-18 mm 
of mercury we have ine “i 


RH 2518 


=F 147 0 598 = 59.8%, 


The rate of evaporation of water is determined by the relative 
humidity of air, and not by, sits absolute, humidity. For comfort 


the relative humidity of the air in a room should be kept between 
50. and 6095. th s f it f 


IV 8.5 “Measurement of humidity : Hygrometers, They “are 
instruments for measuring the’ humidity of air? There ‘are 
different types, namely, (i) dew point hy grometers, (ii) absorption 
or chemical hygrometers and (iii) empirical hygrometers. Of 
fundamental importance in dew point hygrometry are tables of 
SVP of water and ice, We shall consider "only! oud type of dew 
point hygrometer. Ern 


"M 


VU E a yi | i I ia ref üy fav Jaw Ty Mama a 
% ; M i . E Ee 
, Dew point hygrometer s Regnault’s hygrometers © 
a2 7 "T Aq. att CE lodblsogarq ai) 
d f dew point hygrometers js b 
QE. pd. TN UOS. Siti is 
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In Regnault’s dew point hygrometer, which is the best of the 
kind, a glass tube A (fig IV-8..1) closed .at its upper end. by à 
stopper carrying a thermometer T, is fitted 
at its lower end with a silver cup B. Ether is 
poured into the cup and fills it completely. 
Air is sucked. through tbe ether via the tubes 
CD. As the ether evaporates the silver cup 
is cooled until it reaches the dew point. Dew 
then deposits on it., 

As soon as dew is detai T is read. 
Another. .reading,. is taken „when the dew 
disappears. as the; apparatus is allowed to 
"warm up. The mean of these two values give 
the dew, point. dy |... Í $ 

For convenience. of ORDER another 
similar tube with the silver cup. only, is 
mounted on the same stand. Apperance, of 
dew dulls; the. silver surface. Hence. its 
appearance and disappearance. can be well 
judged by comparison with the other silver 
«up. Observations are made from a distance with a telescope. 
te values for dew point. 
ines is T^C and the room 


Pig. IV-8 1 


Properly handled, jt gives accura 
Ifthe dew point thus hee 
pisei is Pe, then. ^— ret 
Ue Saturation pressure of Ener at T^C 100. 
Relative bneidityr: tration pressure a T6 * 
n ofj f 1 
IV-8. 6 Dew, fog and cloud. best f l 


Dew, During the day objects aei ie thevearth are 
"heated by pres de from the" sun, njoni tbe ic comes 


the earl 
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cools too If in this way the air ‘cools below the dew point, a 
portion’ of the ‘vapour is deposited as dew on the surfaces of 
adjacent bodies, 

It is evident that the following conditions are necessary for the 
deposition of dew : 

_@) A clear sky.’ If there is cloud in the sky at night, cooling 
of bodies by radiaticn is impeded. 

(ii) Absence of wind. If there is wind, air near a cold object 
will not remain in contact with it long enough to cool below the 
dew point, 

(ii) Presence of copious moisture in the air. If the initial 
humidity is high it does not require much cooling to reach dew 
point, 

(iv) The presence of good radiators close to the earth. Such 
objects cocl rapidly and bring the air below its dew point. They 
should be close to the earth as otherwise the cooled air will sink 
downwards and be replaced by warmer air from above. 

Dew deposited on grass and leaves of plants is formed by 
Water vapour given out by the leaves when the air around them 
has been been cooled to the dew point. 

Hoar-frost. When the dew point is below 0°C and the tempe- 
rature of bodies lower still, water vapour in the air condenses 
directly as solid without passing through the liquid state, Thc 
solid is depsited on grass, etc, and is known as hoar-frot, 

Fog and Mist. In a windless night the air at regions near the 
surface of the earth may be cooled tothe dew point, when conden- 
sation of moisture occurs throughout the mass ofair. The result is 
a fog or mist. There is no fundamental difference between two. A. 
mist in which one can no longer see objects at a distance of one 
kilometre; is usually spoken as a fog. : 

The cooling is ordinarily due to ‘radiation from the enit’? 


surface, | Hygroscopic ‘particles, kirti an important. role in the 
formation: of fog and mist, : 
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Mountain mists or fogs are due to the contact of the cold air 

coming down'from the mountain sides with the warm saturated 
air rising from the valleys. (d 

Clouds. When warm, moist air rises from a. large surface of 
water, it gradually cools as it rises higher into the atmosphere. 
When the température of the air as a whole is reduced below the 
dew point, a cloud'is formed hy the condensation of vapour in the 
form of'small droplets. The nuclei of condensation are minute 
salt particles originating from the sea and present in the air in 
sufficient numbers. ; 

Acloud is thus a fog or a mist formed bigh up in the 
atmosphere. Fora fog or a mistthe masses of air involved 
are often a£ rest or in very slow motion, but not so in a cloud. 

The cooling which leads to the formation of a cloud may 
occur in a variety of ways. ‘The chief causes are (i) the mixing 
cf warm saturated air with à current of cold air and (ii) cooling 
by expasion as the air in its ascent moves to regions of lower 
pressure and increases in volume. i 


The formation of cloud due to the m 
cooling effect of expansion of air can 
be shown by the following experiment. 
A bell jar as in fig. IV-8.2 is connected 
to an exhaust pump through a tube 
passing through its airtight stopper. 
A thermometer is also inserted. Partial 
vacuum is created within the jar by - 
working the pump. When the inside — 
and the outside temperatures become 
the same, scme air is admitted from. 
outside, The air expands suddenly and 
falls in temperature. If the admitted air 
is nearly saturated and contains dust 
particles, a cloud will be formed as soon as 
After a while the cloud disappears. 


Fig I-V 8. 2 
the air enters the jar. 


JM 
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When air saturated with moisture cools on) sudden expansion; 
water molecules preferentially condense on any ions that may be 
present. Wilson, an atomic phyisicist, constructed’ his ‘cloud 
chamber’ on this principle. This chamber enables us to see or 
photograph the track of even a single ion passing through it. The 
Wilson cloud chamber is a very important instrument it atomic 
physics. Wilson was awarded the Nobel prize for this invention. 

Rain. The drops of water in a cloud coalesce and increase in 
size. Whether they will fall to the ground as rain, depends on the 
condition of the air below the cloud, the wenn speed of the 
cloud and various other factors. 

The speed with Which a rain drop moves. towards the earth 
depends on its size. It is not a free fall under gravity, as 
the yesistance due to air increases with velocity. A drop actually 
falis with a, limiting speed, which depends an its size. Rain 
drops cannot beJlarger than 5.5 mm in diameter... Larger., drops. 
break up into smaller ones as they fall. Drops of this size fall 
with a speed of 8 metres per second or about 20 miles per hour. 

Other drops fall more slowly. 

For a rain drop to fall to the ground, n the dri velocity, 
of the cloud: must “be lower than the limiting velocity of fallat 
the drop, (ii) it must not encounter an upward moving mass of 
air of pag i as and (iii) must survive complete evaporation 
during the N jy 

Water tm in a clone are constan: y going through the. 
Proc: ss of forming into large drops, breaking up into smaller ones 

and ehelescing once again Every time.a drop breaks there is a . 
seper tion of electricity. This is perhaps . the. principal source 


of electricity ina thunderstorm. | memi thunderstorms are, 
specs with- heavy rainfall, de 
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Iv-9 
TRANSFER OF HEAT 


1V-9.1. The three ways, of transfer of Heat, There are three 
different ways in which heat can be transferred from one place. to 
another, viz, 

(1)... Conduction... When one eni ofaniron rod is put'in a 
fire and the other end held in hand, it will be noticed. that 
this end gradually becomes warmer. Heat ( vibrational energy ) 
has passed from molecule to molecule along the rod from the 
warmer to the cooler end withoui any sensible movement of ihe : 
molecules. This process of transfer of heat is called conduction. 

(2) Convection. When the heated rod is removed from-the 
fire and the hand is placed a few inches above the hot end, it-feels 
warm. Air, heated by contact with the iron carries ithe heat to 
the hand, Here the heat is actually carried by the particles of air, 
the movement Of which is due to a change in density, warmer air 
being lighter than colder air. Transfer of heat due to the bodily 
motion of ihe warmer portions of a medium, brought about bya 
difference of density, is called convection. Itshould be clear that 
convection /i8 impossible in solids, but occurs in liquids and gases. 

(3) Radiation. If instead of holc ing the hand'above the hot 
end of the rod, itis held a few inches below’ the rod, the hand: 
feels warm, but not to the same extent as before. Heat could not 
have beer transferred by ‘conduction or convection. The process. 
by which heat is transmitted’ under this condition is called 
radiation. Tbe beat that reaches'the earth from the sun is trans- 
ferred by radiation, We may say that radiation is the process by 
which heat passes from onë body to another across a? space without 
heating she space between the'twos 000 nii D p 

, TV-9. Conduction of Heat, Transfer of heat by conduction 
requires a material medium,’ The particles of the medium take up 
heat energy: from their - neighbours on ore sice and hand it over 
to. their, neighbours on the other side, None of them. leave: their 
“positions. i = bssisim dbi dpiodioum 
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Substance: differ in their ability to conduct heat. One end ofa 
“glass rod may be put in the fire and brought to red heat while the 
"other end isheld in the hand, But if instead of glass you take 

an iron rod it will not be possible to hold it for long. This shows 

that heat is more easily transferred by’ conduciion through iron 
‘than glass. We say that conductivity of iron is higher than that 

of glass. You can easily hold a faggot burning at the other end. 

IV-93 Comparing conductivities of different solids— lngenbausz’s 

‘experiment: Coaductivities of ‘solids may be compared by 
Me: Ingenhausz’s method. The 
experimental materials (copper, 
irop, brass, glass etc.) are 
taken in the form of long thin 
rod, of equal length, identical 
in area of crossesection ad in 
surface finish They are coated 
with. wax and arranged asin 
fig. IV-9 1 with oneend. project- 
ing into.a tank in which water is maintained at the boling point. 

Heat is conducted from the water through the rods and melts the 
Wax. Aítera steady state has been reached, the, wax is observed 
; to have melted to different distances along the rods... Conductivity 
jds. proportional to the square of the distance over which th wax 

melts. n ; 

Metals are the best of conductors, silver heading the list. with 
, copper as a close second. . Solids are in i 

-general better conductors than- liquids 

and liquids better than gases. 
tu \ The. low. conductivity of water may 

be demonstrated in the following. way . 
Load a piece of ice so that, it sinks in 
“water. .Putitina test-tube about two- : ! sf 

“thirds full of water (fig IV-9.2); Heat the od) i FigIV-93 | 


tube near the top.’ The water at the top will be seen to boil vdd 
much of the ice has melted. i 


Fig 1V-9 1 


“TRANSFER OF HEAT 159 


Conductivity of gases is very low. Copper conducts heat 700 
times better than water, and water, 25 times better than air 
Wood, cotton wool, felt etc. ate bad conductors of heat and ic 
used as thermal insulators. They «we their conductivity to the 
innumerable air pockets that they enclose, : 


1V-9.4 Thermal conductivfty. Suppose heat is flowing in paralled 
straight lines thtough a medium. Consider a^ rectangular slab of 
material of crossisectional area 4 perpendicular to the lines of 
flow and of thickness x in the direction of flow ( fig. IV-0,3 ); The 
quantity of heat Q chat passes through the slab in time £ is 

(i). proportional to the area A 

(ii) proportional to the temperature difference 7. T ta between 
the opposite faces 


(iii) inversely proportional to the thickness x, and 


(iv) proportional to f, the time of flow, 
In symbols, we may write Q « 4574 or Q- KA Ty—T$, 
x 5, 


where K is a constant for the material and is called its thermai 
conductivity (also coefficient of thermai 
condu.t vity) (T4— T3)/x is called the 
iemperature gradient. If we put A, 
(71—T,)|x and t each equal to unity in j| 
the equation for Q above, we get K=Q. 
In this way, we can define K by saying 
that thermal conductivity of a substance 
is he heat transferred in unit time by 
conductio1 through a plane of unit 
.area under a temperature gradient of unity, the lines of heat flow 


‘being perpendicular to the plane. | n 

Units. The definition helps us in finding the units in which 
:thermal conductivity can be expressed in a given system. In the 
-cgs system Q will be in calories, A in cm?, E HN in °C, x in cm 


Fig IY-9 3 


‘and ż in seconds, Thus 
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Ke Q (cal) x (cm) uz Qx cal 
Se |". A(em*) t(s)(7,-T,) (C) At (T, -T;) cm 'C 
Thus the cgs unit of Kis 1 cal/ems °C or cal cm-!s-1C-1, 

In the sps system, it is Btu ft-!s-!^F-* In SI units, it ig Jm-? stt 
oK-1, 

i If we say thermal conductivity of copper is 0:92 in cgs units, 

, We mean that,0.92 cal of heat will pass perpendicularly through 
a plane of unit area in copper in one. second. if the temperature 
gradient at the position of the plane is 1°C per cm:* Temperature- 
gradient is the temperature difference between two planes unit 
distance apart, the planes being perpendicular to the direction of 
"heat flow. It is also the rate at which temperature changes with 

distance. 


Searle's method of determining thermal conductivity. 


The method is applicable only to good conductors, A diagram: 
of the apparatus is given below. 


Fig diit 9. 3. 


in A copper bar about 5c em in diameter i is “polished, Gadet 
by dry felt and enclosed i in a wooden box... Steam circulating- 


` metals, are also good electrical conductors. 
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through a chamber attached to one end of the bar maintains this 
end «100°C. A steady flow of cold water is kept passing through 


<q capper spiral soldered round the other end, It keeps this end 


at a steady lower temperature, This enables the rate of flow. of 
heat through the bar to be measure d. Thermometers T, and T, 
are placed in holes in the bar at a known distance d apart. The 
holes contain mercury to ensure good thermal contact, Two 
more thermometers T, and Tj record the inlet and outlet 
temperatures of flowing Water. 

When all thermometer readings are steady, the number m of 
grams of water flowing through the spiral in a known time t 
seconds is noted. The temperatures are all recorded. 

Let 9, and 9, be the steady temperatures indicated by the 
thermometers T, and T,, and 04 and 9,4, the inlet and outlet 
temperatures respectively. Then the heat flowing through the 
bar in z seconds is m (053—904 ).. If r is the radius of the bar, its 
area of cross-section is #r2. Therefore, we shall have from the 
definition of thermal conductivity 

m( 623—601) = Kar? (0;—05)t/d.. 

Since all values except K are known, it can be calculated. 
Using cgs units with £ in °C, we get K in cgs units. 

(iii) It may be noted that good ther. 


In fact, the ratio of 


the thermal conductivity to the el: ctrical conductivity is the same 
for all metals at a given temperature. This ratio is proportional to 
the absolute temperature. ( The result is known as Wiedemann- 
Franz law.) Most pure metals obey this law with reasonable 
accuracy at ordinary temperatures. 
The sameness of the ratio shows that 

be responsible for conduction of heat an 
In metals, free electrons conduct electricity. 
also be responsible for thermal conduction in metals. 


11 


the same process must 
d electricity in metals. 


Therefore, they must 


mal conductors, such as 


>" 


-" 
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Table of thermai conductivities in cgs units 
Tani d (cal cm! $-73.*e-1) 


Aluminium 0.50 | Lead 0.083 Cork 0 00011 
Brass ^ 026 | Mercury 0.020 Asbestos 0.00030 
Copper 0.92 | Water 0:0014 | Brick 0.00003 
Silver 0.97 | Glass 00025 | Felt 0 00006 
Gold 0.72 | Oak 00006 | Air 0.00006 


1 eon) 0.15 | Sand 0.00013 


Example IV-9.1 Find the quantity of heat that will be 
transmitted in 10 minutes across a plate of copper ! sq. metre in 
area and 5 cm thick, the difference between the temperatures of 
its faces being 10°C, (K of copper—0.9 egs unit). 
_ Solution: Q—KA(T,— T3)t|x. 

Here K=0,9, 4-100? or10* cm2, T; — T, —10*C, t— 6005, x 2 5cm. 
"V 0209x10*x10 x600/5— 1:08 x 107 cal. 
Note that the temperature gradient here is (7,— 7,) /x 


2 TClem. 


EX IV-9. A kettle of well-thickness 1 mm and of total out- 
Side area 1000 cm? is filled with Water temperature of which 
is maintained at 100°C.. It is found that 120 kg of ice melt in ! 
min. when the kettle is fully immersed in a tub containing 
melting ice. Calculate the thermal conductivity of the material 
of the kettle, given that latent heat of ice= 80 cal/g 

„ Solution: Here the temperature difference brewcen the two“ 
faces of the walls of the kettle is 100°C. Since 120 kg of ice 
melt in | min. the heat transmitted through the kettle in this. 


time is 120,000 x 80 cal. If K is the required conductivity we have 


120,000 x 80 cal= K x 1000 em? x 100°C x «0 s/0.1 cm. 
10,000 x 80 cal x 0. 
7100) em? x 10) Cen A016 cal cm=1 g-1 *C-1 
IV-9.5. Some consequences of thermal conduction. (f) When 
we alternately touch a piece ofiron and a piece of stone, both 
lying in the sun, the iron feels warmer than the stone though their 
temperatures are the same, This is due to the better conducti- 


ve KE 
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vity of iron. Heat flows more quickly from it and produces an - 
impression of greater warmth. When their tempeatures are lower 
than that of our body, the iron gives the impression of being 
cooler due to the quickness with which heat is transferred from 
the body to it, Ifa piece of metal in arctic cold be touched with 
a finger, the finger sticks to the metal due to the large and quick 
transference of heat. 

(ii) Woollen and cotton garments. The ‘warmth’ of woollen 
garments is due to the innumerable air pockets they enclose, 
Because of the very low thermal conductivity of air, the garment 
as a whole has a low conductivity and retards the flow of heat. 
through it, Two garments worn together will be more effective 
in preventing heat transference than only one of the same total 
thickness, The layer of air between the two further, resists the 
flow of heat. 

Woollen fibres are rough and crooked., So they can enclose 
innumerable air pockets. Cotton fibres are straight and smoother 
than wool, So they cannot form such air pockets. Hence it is 
easier for heat to pass through cotton garments than woollen» 
garments. i l 5 

(ii) Water can boil in a paper bag, The temperature at which ° 
paper catches fire is much higher than that of boiling water. 
This makes it possible to boil a small quantity of water in 
a thin paper bag. Much of the heat supplied to the paper passes ` 
through it and while this heat raises the water.to its boiling : 
point, the temperature on the lower side of the paper remains 
below that at which the paper ignites, 

(iv) Copper gauze and flame, When a clean copper gauze or 
spiral is lowered in the flame of a burner, it will be found that 
the flame does not get through the gauze (fig. 1V:9.4). The gauze » 
conducts the heat away from the flame so rapidly that the 
temperature on the other side of the gauze is lowered below that ' 
at which the gas burns. “Combustion is therefore confined to the’ 


164 T" 


Preventing the combustion o 3 
the gas above it. P 
When the gauze is held. | 
about an inch above Bunsen | 
burner and the flame lighted q 

} from top, it burns above the 
gauze (fig. IV-9. 4, ), The. 

conductivity of the gauze | 

| prevents the flame from | 
Fig Tv-9.4 extending below gauze, | 


(vy) The high thermal conductiviiy of copper makes it the 
material of choice in the construction of cooking utensils or small — 
boilers, but its cost is relatively high, Aluminium being lighter | 
and a better thermal conductor than iron is preferred for the | 
construction of piston heads and engine cylinders, : 


(vi) Davy's Safety lamp, The principle illustrated in the flame- | 
and-gauze experiment (fig IV-9.4) was utilized by Sir Humphrey 
Davy for the construction of a safety lamp for coal miners. 

“It can be used in mines without a risk of 
explosion even when combustible gases are present; A 
It.is an oil lamp with a iwire gauze B (Fig IV-9,5 ) 
arranged above the flame, The flame. itself is 
, surrounded by a glass cylinder 4 to increase the 
_ illuminating power ofthelamp. Air enters the: 
lamp at C and burnt gases leave the lamp at D. 
: Inan explosive atmosphere the gases which 
/.. penetrate to the flame are ignited and burn inside 
.—. the gauze with a peculiar blue flicketing. But the zi 
. flame produced is unable to extend outwards S= =. 
.' through the gauze. The gauze conducts the heat Hie Ivo 


away from the burnt gases so quickly that the explosive gas outside. 
the lamp never becomes hot enough to explode, 
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Now-a-days miners use electric lamps, But the leader carries 
a Davy lamp to detect the presence of ‘fire damp’ ( an explosive 
gas ). If present in strong concentration, the gas burns with a blue 
flame. | f 
(vii). Asbestos, a fibrous mineral is a bad conductor and is 
noninflammable It is extensively used for lining the walls of 
cookers and refrigerators. Boilers and steam pipes are often 
covered with an asbestos cement (asbestos fibre and plaster’) to 
reduce leakage of heat, But it carries health hazard. | 
(viii) Hard chalk deposits called scales are found on the "Meo 
of boilers and kettles in areas where hard water is used. The 
deposit isa bad conductor. Unless it is removed from time to’ 
time much wastage of fuel is inevitable. APT 
(ix) An ice box or a refrigerator is constructed with a double 
wall, The space inside may be filled with sawdust or. cork 
powder. Ice kept in sawdust or a piece of blanket melts slowly 
because of the bad conductivity of the innumerable air pockets 
enclosed between particles of saw dust and blanket pones. 


(x) Cotton-wool; asbestos wool, ‘cork, felt, cellular glass et, 
They owe this 


are some of the best non-conducinrs of heat. 

Property to the innumerable air pockets that they enclose, Theit = 
conductivities are a little higher than those of air. Such materials, j 
used for heat insulation, are known as thermal lagging. 


IV-9.6 Convection. Convection is possible only in liquids 
and gases but not in solids. When a fluid is heated it becomes 
lighter and ascends, while its place is occupied by cooler portions 
of the fluid, The current so set up within the fluid is called - 
The ascending hot current carries the heat — 
along with it. This process of transfer of heat is called convection. . 
It differs from conduction, since in the latter the medium rd 


Which heat flows, is not displacd. ; t 
Simple experiments on convection. (i) Drop a tiny. sy oral of 4 


convection current. 
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potatsium permanganate into a beaker of water which is being | 
heated by a burner from below. Coloured water will be seen to | 
move from the bottom up the middle and l 
down the sides (fig. IV-9.6). This shows that ` 
the water particlesthemselves carry heat from | 
the bottom to the top while cooler particles | 
come down to be heated and then move | 
upward again. 4 
(ii) When a candle 7 ! NN 
burns strong, a convec- y Ans HNN 
tion current developesin 
: the air around the flame 9i UN 
Fig tye: 4 (fig.IV. 9.7. The air in ; 
contact with the flame 
is heated and ascends, while the surrounding 
cold air moves up to the flame, Thus the 
flame gets a continuous supply of ọxygen. 

(iii) In hurricane lamps it is also the 
convection current that feeds the flame 
continuously with oxygen. Fig. IV-9, 8 shows 
the path of the air current. .The burnt gases 
leave at the top. 

(iv) Cooling system of an automobile angine; 
The water, cooling the engine of a motor car 
iskept in circulation by convection. The 

` water flows in pipes surrounding the engine 
(fig.1V-9.9) As this water is heated by 
taking heat from the engine it rises to a tank 
atthe front of the bonnet. Before returning to the engine it 


flows through small pipes cooled by air from a fan driven by 
the engine. 


Fig 1V-9.8 


(v) When a burning candle is placed inside a chimney in à 
way that does not allow air to enter through the bottom (fig, IV. | 
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9.10) the flame soon goes out owing to lack of oxygen. . Ifa T- 
shaped card-board or metal;sheet is placed as shown in the figure 


yas te (AS, 


Fig, IV-9.9 Fig IV-9.10 


the candle continues to burn. The insertion of the sheet makes 
possible the flow of convection currents as shown, 

(vi) Ocean currents arè convection currents due to 
unequal heating of the water masses in the oceans by heat 
from the sun. Winds are also huge convection current due 
to the same cause. 

(vii) Land and sea breezes. Specific heats of rocks and 
soils are smaller than that of water. So, when the sun rises 
and shines on neighbouring masses of land and sea, the land 
warms up more quickly than the sea. The air above the land. 
becomes warmer than that above the sea. This warm air rises and 
makes room for the flow of cooler air from the sea, The latter 


is known as sea-breeze. 


As the sun sets, both land and sea cool down, but the land 
e air above the sev becomes 


cools quicker than the sea. Th oid à 
warmer than that above the land. The warm aif rises and mal e: 
m the adi to e sea, This is 


room for the flow of cooler air fro 
known as land-breeze. 


br " ] P ^ 
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Note that these breezes are due to the specific heat of water 
being greater than that of rocks and soil. 

(viii) Ventilation, Ventilation is the process by which polluted 
air is replaced by fresh air without draughts, Convection currents 
produce ventilation. The Principle of ventilation is illustrated 

. infig..IV-0,11. Two glass chimneys are fitted into the top ofa 
Wooden box provided with a glass front, Inthe box. just below 
one chimney, there is a lighted candle, The heat from it creates 
a conyection evrrent. To demonstrate it hold a burning cigarette 
over the top of the other chimney. The path of the smoke will 
show you the path of the convection current. 

“Formerly, coal mines were 

`, ventilated on this principle, 

The mine had two shafts At 
’ the bottom of one a fire was 
lighted. This caused the air 
to. rise up the shaft. Air 
travelled down the other shaft 
and through the mine to 
maintain the updraught. 
Breathed out air is generally 
warmer than the air in a living 
room. It therefore rises and escapes through the window or’ the 
ventilator Windows open at the top are intended to allow the 
warm air to escape. Circulation in à room is maintained by air 
flowing in at the bottom of open doors and windows, and leaving 


Fig. IV-9. 11 


at the top. 


As you learn more, you will come to understand that conduc- 
tion and radiation are the two basic modes of heat transfer, They 
obey different laws. Convection is a combination of conduction, 
radiation and fluid flow. : 

IV-9-7. Radiation. In radiation heat passes from one body” 
to another without the help of any material medium. The. vast 

distanee of 93 million miles from the sun to the earth is a void. 


ga 
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( The density of matter in this region does not exceed one or two 
molecules per cm?.) Heat cannot therefore come from the sun 
to the earth by conduction or convection. It reaches the earth 
by radiation, In reaching the earth, heat from the sun passes 
through the earth's atmosphere , but this does not heat the air. 
Maxwell defined radiation as the transfer of heat froma hot 
body to a cooler body without appreciable heating of the inter- 
vening space. i 

Experiment to show transference of heat by radiation; A 
heating coil is suspended inside a bell jar through its lid (fig IV- 
9.12). Air from inside the jar can be pumped out by an exhaust 
pump. A thermometer is placed outside 
the jar. Asthe pump works a vacuum is 
created within the jar. The thermometer 
still shows a rise in temperature. There is 
no medium in the bell jar andas such the 
transference of heat by condnction or 
convection cannot take place, So there 
must bea third process by which heat is 
transferred. This process is radiation. 


The form of energy when heat is 
transferred from one body to another by 
radiation is called radiant heat, heat d yg 
radiation or thermal radiation. We now 
know that it is of the same nature as light and has all properties 
of the latter except that it does not produce the sensation of sight. 

1V-9.8. Radiant heat obeys the same laws as light. That 
radiant heat has the same nature as light will be clear from the 


similarity of their behaviour as stated below. oy 

(i) Both radiant heat and light are transmitted through vacum 
with the same speed, During a solar eclipse light afld heat from 
the sun are cut off at the same time. When the eclipse ds over 
they reappear at the same time. Clearly they move with the same 
speed across the vast void separating the earth from the sun. p 


i URP 
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(ii) Radiant heat travels in strright lines as light does; When 
an opaque body (an umbrella) is held in the sun, it casts a 
‘Shadow, where no heat is felt, As shadows are due to the 
rectilinear propagation of light and no heat is felt in the shadow, 
heat must have traveled in straight lines. 

(iii) The intensity of light varies inversely as the square of the 
distance. Radiant heat obeys the .same law. When the distance 
between a Leslie's cube and a thermópile is doubled the deflection 
ofthe galvanometer reduces to a quarter ofits value. ( Leslie’s. 
cube is a simple device for producing thermal radiation at about 
100°C, Athermopilc isa sensitive device for detecting thermal 
radiation. It works in conjunction with a galvanometer. ) 

(iv) When radiant heatis reflected from a polished metal 
surface, its angle of reflection is equal to the angle of incidence. 

(v) Heat radiation may be focussed at a point by a concave 
mirror or a lens in the same manner as light. 

IV 9.9. Absorption and emission of radiation. The amount of 
heat lost from a body by radiation depends on. 

(a) its temperature and that of the surroundings, being propor- 
tional to the difference when it is not large ; (b) the nature of its 
Surface; (c) the area of the surface ;and(d) the time. 

When radiation falls on matter, a part is absorbed, a part 
reflected and a part transmitted, If 4, r and t respectively denote 
the fractions oftbe incident radiation absorbed, reflected and 
transmitted, we shall obviously have. 

atr+t=1. 

Tt will be seen from this equation that a good absorber, such as 
lamp black (2=0.98 ) is a poor reflector, and that a good reflector, 
such asa polished metal surface, isa poor absorber. Absorbed. 
radiation raises the temperature of the absorber. 

It has beep found that good absorbers of radiation are also goot 
emitters. Black isa better emitter or absorber than white. There 
is thus good reason for wearing white clothes in the tropics ; it 

absorbs little heat. A rough surface absorbs or emits radiation 
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more than a polished surface. Calorimeters, therefore, have 
` polished surfaces. so that loss or gain of heat by radiation may be 
a minimum, 


Cloud and radiation. Water droplets in the air absorb much 
of the solar heat. On a cloudy day in summer the temperature of 
the earth is comparatively low. Ona clear day the temperature 
rises high, Clouds have a screening effect on the earth. Presence 
of clouds at night prevents radiation loss from the earth. 


Greenhouse. Glass absorbs longer heat rays, but transmits 
shortez rays. Long heat rays radiated by plants in green housee 
are absorbed by glass and re-radiated into the greenhouse. A 
greenhouse thus acts as a heat trap. f 

IV-9.10 Prevost’s theory of exchanges. The energy that & 
body radiates by virtue of its temperature is called temperature- 
radiation or thermal radiation. [Part or whole of the energy that 
a body receives from its surroundings ( or any otber object) which. 
goes only to raise its temperature, but produces no other change, 
is given out by the body as thermal radiation] It will be wrong 
to assume that a body does not radiate unless itis heated. Suspend 
a slab of ice in a vacuum so as to reduce to a minimum the gain 
of heat by conduction and convection. It receives heat by 
radiation from the surroundings (ifata higher temperature than 


that of ice) and melts, If dry-ice ( solid carbon di-oxide’) is 
It cannot be logical 


similarly keptsurrounded by ice, it evaporates. 
to assume that' ice radiates in the latter case, but not in the 
former. It is more reasonable to think that radiant energy is 
given out by ice in both cases, Melting takes place in the first 


case because the ice receives more heat by radiation than it gives 


out... In the second case, it gives out more heat by radiation to 


the dry-ice than it receives from the latter. 
Prevost applied the idea of dynamic equilibrium to the thermal 

radiation emitted or received by 8 body. If the body is at a - 

higher temperature than its surroundings, it will radiate more 
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energy than it receives and will be cooled until temperature 
equilibrium is established; If the body is at a lower temperature 
it will receive more energy than it radiates and will rise in 
temperature. If it receives as much energy as it radiates, there 
will be temperature equilibrium. The difference of the radiant- 
energy absorbed and the radiant energy emitted is ‘heat’. 


Consideration of such exchange of radiation led Prevost ( 1751- 


j 1839 ) to propose that. 


| 


“A body radiates heat at a rate which depends only upon its 
Surface and temperature, and that it absords heat at a rate 
which depends only upon its surface and the.temperature of its 
surroundings. When the temperatures are the same tbe rates of 
absorption and emission will be equal.” 

i j Put in other words, Prevost's theory states that 

j The amount of energy emitted as radiation from a body 
i depends solely upon what takes place inside the body and is not 
influenced by its surronndings, 


Prevost's theory proved very valuable in establishing the laws 
of thermal radiation. One of the earliest of these laws is Stefan’s 
law. Itis discussed below. 


IV-9.31 Stefan’s law of radiation. By virtue of its temperature 
every body radiates some energy in all directions in the form of 
electromagnetic waves. Such. radiation. is called ‘temperature 
radiation" or ‘thermal radiation’, The rate of radiation per second 
per unit area depends upon (i) the temperature and (ii) the naiure 
of the surface. : i" 

Tyndall was the first to carry ‘out some experiménts on the 
amount of energy radiated by a hot platinum wire to its surroun- 
dings kept at a fixed temperature, From these experimerits Stefan 
(1879) concluded that the net energy interchange by radiation 

between a hot body at temperature T, K and a ‘colder body at 
temperature T5 K is proportional to T, 1—Ts,*. This is known as 
Stefan's law of radiation. p 
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IV-9.12. Black body. Later Boltzmann (1844-1906) deduced 
Stefan's law on theoretical grounds. To eliminate the effect of the 
nature of the surface, an ideal radiator had to the imagined. It 
is called a ‘black body’ and has the property that the thermal 
radiation it emits per unit time per unit area is greater 
than that emitted by any other body at the same temperature. 
Theoretically, it was found that energy radiated by a black . body 
per unit area per second is given by E=oT* where T is the 
absolute temperature of a black body, and c is a constant of value 
567x105 erg/cm? s. K*. It is called the Stefan-Boltzmann 
constant. " ; 

An actual body radiates less than an ideal black body at the 
same temperature, But the radiation from a black surface or a 
nearly closed space (such as.an oven or a furnace) is close to that 
from the ideal black body. This enables us to calculate the 
temperature of an incandescent body, with, the help of Stefan's 
law. The sun’s temperature has been so measured. The temper- 
ature of the visible surface of the sun was found with the help of 
Stefan’s law to be about 6160 K,  Instrnments called ‘total radia- 
tion pyrometers can measure temperatures above 800°C. dry; 
work on the basis of Stefan's law of radiation, and are eu) n 
industries for measuring temperatures of furnaces and other very . 
hot bodies. Such temp. measurement is called Pyro-metry 
( Pyros-fire, metry—measurement ). _ ' 


Iy-10 
HEAT AND WORK 


1V-10. 1. Heat is a form of energy. To the question ‘What is 
fedt? we have long ago answered by saying that *Heat is a form 
of energy ; it is not matter. A body weighs the same whether it 
is hot orcold. If heat were a form of matter, thé body would 
have weighed more when hot. 
It is more difficult to show that heat is a form ofenergy. ‘We 
have, however been led to this conclusion bya variety of 
phenomena. When we hammer a’ piece of metal or bend a wire 
back and forth, it gets hot, Pressinga piece of steel on a grinder 
produces a crop ofsparks. Examples ofthis kind where heat is 
produced by motion can be multiplied without limit. Steam 
- engines ( and other engines too ) produce motion from heat. All 
these show that kinetic energy and heat are intimately related 
and one may be converted into the other. Heat must, therefore, 
be a form of energy. 
We now asseciate temperature with the mean kinetic energy 
of motion of molecules, absolute temperature being proportional 
, to the mean kinetic energy of molecules according to the kinetic 
theory. As the temerature rises, the kinetic energy of a molecule 
—whether in a solid, liquid or gas—also increases. Increase in 
the pressure of a gas with increase in temperature, heating of a 
gas by sudden compression and cooling by sudden expansion, 
eooling of a liquid by evaporation, etc, support this view. 
'. But what isthe form of heat cuergy ? We now define heat as 
being energy in transit due io temperature difference, The 
molecules which make up a piece of matter have both kinetic and 
potential energies, This total energy is called the Internal energy 
ofthe body. Ifthere aretwo bodies whose average molecular 
kinetic energies are diflerent, they are at different temperatures. 
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If these bodies are put in contact, some of the kinetic energy 
from the stock of internal energy of the warmer body passes on to 
the cooler body and increases the internal energy ofthe latter. 
This goes on until the average molecular kinetic energies of both 
bodies are equalized. The flow of energy then ceases. The 
energy that has been so moving, is heat. When the flow is over 
the energy ceases to be heat, it becomes part of the: internal 
energy of the cooler body. You may compare ‘heat? with: rain 
drops falling into a lake. So long as they fall in the form of 
drops they are rain drops, As soon as they reach the lake, they 
become part of the water of the lake. 1 

Remember the case of kinetic energy. Tt is kinetic energy so 
Jong as the body is moving. As soon as the body stops, kinetic 
energy is transformed into some other form, and ceases to be 
kinetic energy. Similar consideration applies to heat. 


We say mechanical energy is converted into heat, as in com- 
pressing a gas. When work is done on a gas, that is, it is com- 
pressed, its volume diminishes and pressure, increases, This 
increases the mean kinetic energy of the gas molecules.. So the 
temperature of the gas rises. When a body increases in temper- 
ature, we say heat has been added to it, the amount of heat being 
given by the relation Q=mst So, a temperature rise of t is 
equivalent to the addition of an amount of heat Q. Really 
there has been an increase of internal energy of amount Q. : 


1V.10-2. The mechanical equivalent of heat, When we rub our 
‘hands together, heat is produced ¢ friction always produces heat, 
This shows that mechanical work can be converted into heat. 
The equivalence between heat and mechanical work was establish- 
‘ed by Joule whose experiments show that (i) work can be fully 


„converted into heat and (ii) whenever mechanical work is fully 


converted into heat, the heat generated is directly proportional to the 


work done. The equivalence is independent of the way in which 


the work is derived or the means by which the transformation 


from work to heat is brought about. 
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If W units of mechanical work, on ful] conversion into heat 
produce Q units of heat energy, then 


g = constant = J, (17.2.1) 


where the constant J is called Ihe mechanical equivalent of heat or- 
Joule’s equivalent, The numerical value of J however depends on 
the units in which W and Q are expsessed. If Wisin ergs and. 
Q is in calories. 

J = 42x10 ergs per calorie. 


(More accurasely J = 4.1852 joules/calorie) 


This means that when 42x10?" ergs of work are fully- 
' converted into heat, the heat developed is one calorie, which cam 
raise the temperature of 1 g of water by 1°C. 
If W is in joules and Q in calories, we have 
^ J = 4.2 joules per calorie. 
_ If W is in foot-pounds and Q in British thermal units 
J = 778 ft-lb per Btu. 
If Q is measured in 1b. °C (centigrade heat unit) 
J = 1400 ft-lb per lb °C, 
Thus if 1400 ft-lb of mechanical work, derived in any way, be: 
Sully converted into heat, it will raise the temperature of 1 1b of 
water through 1°C. 
Note that using the jou'e as the unit of heat makes, use of ihe 
.' term mechanical equivalent of the heat unnecessary. In SI, units, 
| the joule is the unit of heat, heat being a form of energy. So, when. 
SI units are used, J=1. 
Example IV-10. A mass of 10 g moving with a speed of 300: 
m. per sec is suddenly brought to rest. If the whole of its. 
kinetic energy is converted into heat, find (i) the heat developed 
and(ii) the rise in temperature ofthe body, assuming that the: 
heat developed is fully retained by it. (Sp. heat 0,03). 
Solution: Speed of the body — 30,000 cm/s: 
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kinetic energy =} x 10x (30,000)? —4.5x 10° erg. 


MG 4,5x10* 6g 
Q= 5 4331x104 end tile A $a 


Since heat gained — mass x Sp. heat x temp. rise, 


pas 107.1 
the ris t 6 BE Nc teh het OE S 
ise in temp. of the body= 9x0 03 357°C. 
Ex. IV-10.2 From what height must a gramme of ice at 0°C 
fall in order to melt itself by the heat generated in the impact ? 
Solution: In the absence of any statement to the contrary it 
it assumed that the whole of the heat developed is retained by the 


body. 
Let h cm be the required height. The potential energy of the 
When it reaches the 


body at that height is mgh 980 h ergs. 
ground this energy is fully kinetic, On impact, it is converted into 
heat. The heat developed should be 80 calories, the latent heat 
of 1 gramme of ice. 

^, 80 BO ot he 3.43 x 108 em (039 3 km ). 

Ex IV-10.3. A lead bullet moving at 400 m/s strikes a 
target. Find its rise of temperature assuming that the heat 
produced is shared equally by the target and the bullet. Sp. heat 
of lead =0.03., i 

Solutions Kinetic energy —1imx (40,000)? ergs, where m is 
the mass of the bullet in g. j 


a xmx (40.000)? 
Heat developed = la O biel 
shared by the target and the bullet 


Since the heat is equally 
g the temperature of the 


half of this heat is available for raisin 
bullet. 


Heat 
2d Ao REENA 
Rise in temperature = ass Xsp. heat 


gxyxmx 16X10" 2 3178°C. 


= 42x 107 xm x 0.0: 


12 
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Ex IV-10. 4. The Victoria Falls are 343 ft in height. Calculate 
the differnce in temperature of the waters at the foot and at the 
top, assuming a value of 778 ft, Ib per Btu for J. 


Solution: Consider a mass m lb of water The potential 
energy of this mass at the top of the falls is 343 m ft.lb. When 
converted into heat this will give (343m/779) Btu. If tis the 
temperature rise of water, then, since the sp. heat of water is 
unity, we have 

mt = 343m/778 or t= 343/778 F=0.44°F. 

IV-10.3, Joule's experiment for the determination of J. The 
first exact determination of the mechanical equivalent of heat was 
made by Joule with the 
apparatus shown in fig. IV- 
10.1, C isa cylindrical copper 
vessel containing water. Four 
radial partitions or vanés are 
fixed vertically inside the 
cylinder. A paddle can be 
rotated in the water about a 
vertical spindle S. It carries 
eight sets of vanes which pass 
through spaces cut in the radial partitions as the paddle rotates, 
Tn the figure the radial partitions are reprsented by V, and the 
movable vanes by V}. To turn the spindle (S) it is attached by 
a pin (P) to a rod (R). Two threads wound round the rod (R) 
pass over two pulleys (P,, P,) and may be loaded at the other 
ends with known weights. 

"When the weights are allowed. to fall under gravity, the rod 
rofates and so does the paddle, As the water is churned its kinetic 
energy is destroyed at the radial vanes(V,)and converted into heat. 
When the weights reach the ground, the pin (P) is detached and 
the weights are wound’ up again by turning a handle attached to 
the rod (R). As the churning continües watnr is gradually heated. 


Ao pe 
2227227777774 


Fig IV 10,1 
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The elevated weights possess potential energy. When theyreach 
the ground they have some kinetis energy.* The difference of the 
two energies gives the kinetic energy imparted to the water. This 
is converted into heat. 


Let the mass of each load attached to a string =m B, 
distance through which each weight falls : =h cm, 
=g cm/s” 


acceleration due to gravity 
total number of times each weight is made 


to fall =n, 
speed of a weight when it reaches the ground =v cm/s, 
water-equivalent of the calorimeter with its 
contents =W 8, 
=t; C, 


initial temperature of the water 
final temperature 
Then, the potential energy of 


=t, C. 
the weights =2mgh, 


their kinetic energy atthe end of the fall 22xim», 
the mechanical energy converted into heat 
at each fall -m(2hg—v?), 
the total energy converted into heat in n falls —mn(2gh—»?), 
the total heat developed —W.(t5—t, cal. 
j= mechanical work transformed ameh- v2) 
@—t1) 


heat generated 
Corrections were made for the frictional losses and the loss due 


to radiation from the calorimeter. As in all calorimetric work, 
conduction and convection were minimzed. 

In one of Joule’s experiments the weights were 30 Ib each and 
fell 20 times in all, each time through an effective height of 5j ft. 
The water equivalent of the calorimeter and its contents was 14 Ib 


and the rise in temperature, 0.50" F. 

2. Heat generated — 14 x 0'50— 8'26 Btu. 
Work done  —2x20x30 1bx 54 ft 6400 ft-lb. 
whence J=6400 frlb+ 8.26 Bru. 

=715 fi-lb/Btu. 


the motion of the paddles, 
measured during the fall. 


1 with 
x Due to resistance offered by water to they fall wi 
a terminal (constant) velocity ve» can easily he 
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More accurate experiments to find the value of J were performed 
by Callendar, Rowland and others. 

= Since heat is energy, it can well be measured in terms of joules, 
In that case there would be no necessity of having any quantity 
named ‘mechanical equivalent of heat’ nor any separate heat unit 
such as the calorie. Many modern writers use ‘joule’ instead of 
‘calorie, 1 czlorie being put equal to 4:2 joules ( or more 
accurately, 4.1855 joules). 


IV.1.4: First law of thermodynamics. When heat is added to a 
body, the internal energy of the body increases, The bcdy can also 
do some work if conditions are appropriate. Take for example a 
gas contained in a cylinder and fitted with a gas-tight piston Ifa 
quantity of heat is supplied to the gas its temperature will increase. 
The pressure wiil also rise, The increased pressure will push the 
piston. outward against the atmospheric pressure until the gas 
pressure equals the pressure outside. Thus, on addition of heat the 
gas increases in internal energy and also does some work. 

Let Q be the heat added 10 a body, U' the increase of internal 
energy of the body and W the work done by thebody. The relation 
between these these three quantities is given by 


Q=U'+W (IV-10 4.1) 
The quantities must all be expressed in the same units. They may 
be either heat units or work units namely, calories or joules. 

The relation is known as the first law of thermodynamics. It 
covers all cases of conversion of heat ino work and vice versa. 
Q is positive when heat is added, U’ is positive when the internal 
energy increases and W is positive when work is done by the body. 

Note that ia the worked examples in Sec. IV-2 or in Sec. IV-3, 
there is no heat flow, that is, flow of energy due to temperature 
difference. Still we speak of heat. This can be easily reconciled 
with Eq. IV10-4.1. Since there is no addition of heat Q=0. Wis 

Negative as work has been done on the body. Therefore U—W —0 
or W —U', This means that work done on the body increases its 
internal eneagy by U's We have equated U' to an amount of heat 
Q=mst The temperature rise t corresponds to an increase U' 
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of internal energy. The same increase could have been brought 
about by adding Q-mst amount of heat, 

We can represent the transformations ofenergy as W—U'-Q 
(o mst ). Wig is J, the mechanical equivalent of heat if W is 
expressed in work units and Q in heat units, If Q is also expressed 
in work units, the need for J does not arise. 

(In the language of present day physics, the cases are those 
of transformation of work into internal energy. ) 

IV-10.5. Isothermal and adiabatic expansion of gases. If the 
temperature ofa gas remains constant during expansion, the 
expansion is said to be isother- 
mal Imagine a quantity of 
gas contained in a cylider of 
uniform cross-section A( fig. 
(V-10.2.) fitied with a friction- seek 
less gas-tight piston. The gas 
presses on the piston with & | » 
pressure P and force PA. An equal pressure P is applied from 
outside on the pis on to keep it in equilibrium. 

If pow the external pressure On the piston is decreased even 
slightly, the gas will expand. Daring expansion the gas does work 
as it pushes the piston outward. Letthe difference of pressure on 


the two sides of the piston be infiaitely small. If the piston moves 
| distance x’, the work done by the gas 
") is the volume swept out 


-—i€* 


Fig. IY 10.2 


outward by a very smal 
will be PAx x’= PV’ where y ( =Ax 
by the piston, that is, the increase in volume of the gas. o 

Unless energy is supplied to the gas, the energy for doing this 
work PV’ must come form the internal energy of the gas Asa 
resul the gas will be cooled. In order to keep the temperature 
of the gas constant during expansion, an amount of heat Q= py. 


must be supplied to it. ( From the first law of thermodynamics 
w= PV’. ) 


it follows that if U' is to be 0, We must have Q^ W 
Wetherefcre find that during an iso 


gas, the gas has to be supplied with an am 


to the work it does. If W is the work done, we must supply to the 


gas an amount of heat Q equal to wi (I =Joule’s equivalent ). 
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Conversely, if the external pressure on the piston is increased, 
work will be done on the gas and the gas will be compressed, 
The work done on the gas will increase its internal energy. Tie 
temperature of the gas will therefore rise. To keep the 
temperature constant an amount of heat equivalent io the work 
done on the gas must be withdrawn from the gas. 


Adiabatic expansion. If during expansion of a gas no heat is 
allowed toenter or leave the gas, the expansion is said to be 
adiabatic, A gas does work while expanding. So, in an adiabatic 
expansion a gas will be cooled ( since no heat can enter it ). For 
the same reason, a gas will be heated in an adiabatic compression. 
The rise in temperature will correspond to a supply of heat 
equivalent to the work done on the gas. During expansion the 
fall in temperature is similarly considered. 


If we want to apply the first law of thermodynamics to an 
adiabatic expansion ( or compression), we must put Q = 0 in Eg- 
1V-10.4.1. For expansion, W is positive. Hence W = — U’. For 
compression, W is negaiive. Therefore W = U'. Loss of internal 
energy ( —U') means cooling ; gain of internal energy ( --U') 
means heating. 


An adiabatic expansion may be brought about in either of two: 
ways. The gas may be contained in a cylinder made of thermally 
nonconducting material. (But no material is a perfect non- 
conductor of heat. So, insuch a case, the expansion is very 
nearly adiabatic. ) 

Another way isto make the expansion so sudden that heat. 
does not get time enough to enter the gas. 

For an isothermal expansion the cylinder should be made of 
good conducting material, It will then be able to pass on heat to: 
the gas from outside. 


IV-1.6. Specific heats of gases, When heat is added to a gas 
the resulting change of temperature depends on the manner in 
which the ges is allowed to expand. During expansion the gas 
dors work against the external pressure. The energy. required for 
this purpose is derived from the beat supplied to the gas. Thus, 
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ofthe total heat supplied to 8 gas, a part may go to do extern 1 
work and the rest raises its temperature. 

Hence if we are to define thespecific heatof a gasthe conditions 
under which the heating takes place must be stated. To each 
possible mode of ex pansion there is à corresponding specific heat 
ofthe gas. The two specific heats of a gas generally considered 
ate the specific heat at constant volume (cv) and that at cons‘ant 
pressure (cy). If unit mass of a gas is heated through one degree 
under the condition that its volume remains constant, the heat it 
requires, is called its specific heat at constant volume. For a mass 
m undergoing a change of temperature ¢ under this condition the 
heat involved is mcyt. When unit mass: of a gas is heated through 
one degree under the condition that its pressure remains constant 
the heat required is called its specific heat at constant pressure. 

To understand the difference between these two specific heats 
consider one gram of a gas contained in a vertical cylinder fitted 
with a movable frictionless piston ( fig. IV-10.3 ). Weights may be 


Cr 
(Tae 


V P(1*X). 
LI (d) d 77 
Fig IV. 10.8: Lis 


pleced on the piston to alter the pressure on the gas. Supply 
sufficient heatto raise the temperature of the gas by 1°C, at the 
same time keeping the volume constant by increasing the Joad on 
the piston (Fig.s IV-10:3a and IV-10;35). The quantity of heat 
supplied is the specific heatat constant volume. “The whole of 
this heat goes to increase the thermal energy of the molecules, 
s against the external pressure, 


while no work is done by the £8 
as the piston does not move. Now start the operation afresh, 


O ——Á 
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with the same initial conditions. Supply sufficient heat to raise 
the temperature of the gas by 1°C, but this time without altering 
the weights on the piston. The quantity of heat supplied is the 
Specific heat at constant pressure. 


In the second case, as the gas expands it raises the weights and 
so does work ( Fig. IV-10. 3c). Let V, and V; be the initial and 
final volumes of the gas, Athe area of the piston, x the distance 
through which the piston moves and P the pressure on the pistom 
The force on the piston is PA and the work done against the 
external pressure is PAXx=P(V,—V,). The heat which is 
equivalent to this work is P(V,—V,)/J. where J is the 

mechanical equivalent of heat. Hence the specific heat at constant 
pressure 

=heat required to increase the thermal energy corresponding to a 
rise of temperature of 1°C + heat equivalent of the work done. 
=specific heat at constant volume-+heat equivalent of the work 
done, 

In symbols €; —cv--P (Vo — V4 )J ( IV-10.6.1 ) 

It follows that c, is greater than cy.. In the case of solids and: 
liquids the difference is generally small enough to be ignored for 
most purposes. In the case of copper, the difference is less than 3% 
For solids and liquids the specific heat determined is that at 
constant pressure. 

A distinction is sometimes made in the sj mbols for the specific’ 
heat of 1 gram and that of 1 gram-molecule of a gas. The former 
is written witha small c as done above and the latter wiih & 
capital C. Thus C stands for gram-molecular (or molar ) speific 
heat at constant volume, and C, for gram-molecular specific heat- 
at constant pressure. But the distinction is not always observed. 

Eq. IV-10.6.1 enables us to determine J when the other quan- 
tites are known. Note that V; — V, — Vox; where V, is the volume: 
of the gas at 0°C and «, its coefficient of volume expansion at- 
contant pressure. 
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ux IV-10.5. Find the value of J, the mechanical equivalent 
of heat, from the following data for air : 

C,, =0.2375 cal per gm per °C, C«—0.1688 cal per gm per "C, 
density of air at S.T.P. = 0.001293  gm/cm?, cotflicient of 
expansion 1/273 per ^C, normal atmospheric pressure 1,013 
x 109 dynes/cm?. 

B(Y5 —*1) 


Solution.From Eq IV-10,6.1 we have J RET 
p; mv 


Here v,—v; isthe change in volume of] gm of air due to 


1°C temperature, the pressure being p=I standard atmosphere. 
The volume. of 1 gm of air at S.T,P. 
1 3 

70.001293 gm/cm 713.4 cm®/gm, 


və- vı=its expansion due to 1°C rise 773.4 x 1/273 = 


2832 cm? per gm per °C, 


.. y _1,013x 108 dyne. cm? x 2837 cm? per gm per °C. 
ae (0.2375—0,1688) cal per gm per °C. 


_ 1013 x 108 x 2.832 dyne, cm 
~ ~~ 0.0687 cal 


=4.177x jo: 3999 SE TT 107 ergs/cal. 


between the gram- 


Gram-molecular specific heats. The difference 
at cons: ant volume 


molecular specific heats at constant pressure and 
is equal to the gram-molecular gas constant, 
Refer to equa.ion 1V-10,6.1 that ¢y—ev =P (yy7 5,7. Let us 
multiply both sides of the equation by the molecular weight M 
of the gas, The corresponding specific heats are then called the 
gram-molecular specific heats. Denote them by C, and Cy, Since 
My, and My, are the gram-molecular volumes st temperatures 
tC and (¢+1)°C, we have 


pM», =R,(¢-+273) and pMv, » Ré t1 273), 
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where Rn is the gram-molecular gas constant, 

a C—O ea. (IV-10 6.2) 

Often the subscript m is dropped and simply R written 
instead. The meaning of R isto be understood from the context, 
It may refer to one gram or to one gram-molecule. 

Problem. Calculate the difference between the two principal 
specific heats of hydrogen and nitrogen form the following data : 

Density of mercury=13,6 gm/cc, molecular weight of 
hydrogen=2, and of nitrogen=28, 1 mole of a gas at ST.P. 
occupies 22.4 litres, [Ans + 0.990 ; 0.0707.] 

The value of J;, is 8.31 x 107 ergs per kelvin per gm-molecule. 
This is approximately equal to 2 calories/K/mole. 

The ratio C,/Cy, denoted usually by the greak letter v, is of 
great importance in connection with adiabatic expansion of gases. 
For a perfect gas, the relation between P and’ V for isothermal 
expansion is PV—constant. But for an adiabatic expansion, this 
relation is PV — constant. (1V-10,6.4) 


IV-1. (Heat and temperature) 


[A] Essay type questions : 


I: 


10, 


Define temperature. Distinguish between heat and 
temperature. 

What are the different forms of heat, Mention some effect 
of heat, 

What is a thermometer 9 What physical properties are 
taken into account in the design of thermometers? Des- 
cribe a mercury-in-glass thermometer, Compare mercury 
and alcohol as thermometric liquids, 

How many thermometric scales are in use 7 Define upper 
‘and lower fixed points, What is meant. by fundamental 
interval? Find a relation between different thermometric 


scales, 


Short answer type questions : 


Distinguish between 20°C and 20C’, 
Temperature is not determined by the amount of heat in 
a body—Explain the statement. 
Why the column of mercury first descends and then rises 
when a mercury-in-glass thermometer is put in a flame f 
State some objections to using water-in-glass as a 
thermometer, 
How a thermometer can be made 
(ii) Sensitive 7 
How can temperature of a human body be measured with 
a thermometer if the temperature of the surrounding air 
is 110°F 7 
Can a Clinical thermometer be employed to find 
nd minimum temperature ofa day and 
Give reasons for your 
(E73). 


(i) quick acting 


(i) maximum a 
(i) the beiling point of water. 
answer, 
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How could a thermometer be used to find whether the 
atmospherie pressure was above or below the normal t 
(H.S. comp. '60). 

Two thermometers are constructed in the same way except 
that one has a spherical bulb and the other an elongated 
cylindrical bulb. Which one will respond quickly to. 
changes 7 (LLT. 2739 
To take body temperature of a man with a thermometer 
2-3 minutes are necessary, But when a jerk is given after 
taken out from the body, the mercury fall down in few 

` seconds—Explain, 

To measure the temperature of a humum body two 
accurate thermometers are used. One reads 35° and the 
other 95°. Why is this difference ? 

Numerical problems : 

The temperature of the surface of the sun is about 6000°C 


Express this on the Fahrenheit scale. [10832°F} 
Express normal human body temperature, 98:6*F, on the 
celsius scale, [37°C] 
Express the normal boiling point of oxygen,—183°C, on 
the Fahrenheit scale. [—297-4*F] 
At what temperature do the Fahrenheit and celsius scales 
give the same reading > [—40*] 
The temperature ofa body rises by 25°C, How much is. 
the increase in Fahrenheit scale 7 : [45°F] 


Find out the temperature when the degrees of the Fahrenheit 
thermometer will be 5 times the corresponding degrees of 
the centigrade thermometer, [10°C, 50°F] 
A thermometer reads 5° in melting ice and 99° in dry 
steam at normal pressure, Find the temperature on the 
Fahrenheit scale when the thermometer reads 52°. 

(J.E. *68), [120°F] 
Two thermometers—one reading in celsius and. the other 


~ in Fahrenheit, were Successively dipped into two baths. 
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In both cases, the difference in readings between the two 
thermometers was found to be 20, If the baths were at 
different temperatures, find their temperatures in celsius 
scale, [—65? and—15°] 


The freezing point of Fahrenheit thermometer is correctly 
marked and the bore of the tube is uniform but it indi- 
cates103,5° when a standard centigrade thermometer reads 
40°C, What is the reading of boiling point on the 
Fahrenheit thermometer 9 (Bikar) [210:75*] 
A faulty thermometer reads—1.5*C in ‘melting ice and 
98:5°C in dry steam at normal pressure, Find the correct 
temperature in Fahrenheit scale when this faulty thermo- 
meter reads 40°C. [1067F] 
A faulty thermometer reads—O'5?C in melting ice and 
98:5°C in dry steam at normal pressure. What correc- 
tion to be applied to get correct reading when this 
thermometer reads 49°C ? [+1°] 
A faulty celsius thermometer reads 1°5°C in pure melting 
ice and 98°5°C in dry steam at a pressure of 747 mm 
of mercury. What is the correct temperature in 
Fahrenheit scale when this thermometer reads 20°C ? 


The steam point at 748 mm of mercury pressure is 99°C 
(Utkal) [66 16°F] 


IV-2. (Calorimetry) 


"Essay type questions : 
Define a caloric. In what other unit (used in mechanics) 
can heat be expressed p Express the calorie in hig unit. 
Why is it necessary to mention the temperature in the 
definition of calorie f 

Define specific heat and show 
by a substance is equal to the pro 


heat and change in temperature. 


that the heat Jost oF gained 
duct of its mass, specific 
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What is the fundamental principle of calorimetry ? What 
precautions are necessary in a calorimetric experiment by 
the method of mixture ? 

Define thermal capacity and water equivalent, What are 
the units in which they are expressed p 

Explain what is meant by the ‘specific heat’ of a material, 
How would you proceed to determine the specific heat 
of a metal; Point out sources of error and mention 
the precautions necessary to avoid them, 


Short answer type questions : 


Will the temperature be different if equal quantities of 
heat are supplied to different substances of equal mass t 


Two exactly similar vessels—one containing water and the 
other containing an equal mass of milk are placed side by 
side on oven, The rise of temperature of milk is found 
to take place at a quicker rate than that of water. Explain.. 
Why water is used in hot water bags ? 

The specific heat of a substance can be defined as thermal 
capacity per unit mass—Explain the statement. 


The principle of calorimetry is—‘heat lost by warmer 
body-—heat gained by cooler body? Will then the 
relation hold if (i) the calorimeter contains water and 
solid is sugar? (ii) The solid and the liquid in the 
calorimeter react chemically ? (iii) The calorimeter i$ 
kept on the table and is exposed to the air t 

Why are calorimeters made of copper ? 

Suppose you are given a thermometer reading only from 
50°C to 100°C and some water of which the temperature 
is below 20°C. Describe an experiment to determine 
roughly the temperature of the water, gnout using any 
other thermometer, 

How would you find the temperature of a red-hot iron 
ball if only mercury thermometers were available 2 
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What is meant by the statement—“specific heat of copper - 
is 0:089"; i 
Why water is not suitable as a calorimetric liquid ? 
What physical properties are taken 


into account in 
choosing calorimetric liquid 7 


What is the difference between specific heat and specific 
gravity 7 
Explain the fact that the presence of a large body of water 
nearby, such as a sea or ocean, tends to moderate the 
temperature extremes of the climate oa adjacent land, 

A sphere, a cube, a thin circular plate, all made of the 
same material and having the same mass are initially 
heated to temperature of 200°C, Which of them cools 
faster and which slowest ? 

Two friends ordered tea in a restaurant and waited for 

another friend to arrive, One of them poured tea in his 
cup and mixed cold milk with it and the other poured his 
tea and mixed the milk after the friend arrived. Whose 
cup of tea will be hotter 7 

Two liquids taken in identical vessels are allowed to cool 
through the same temperature range. If the masses are 
same, which of them cools faster 7 
What is meant by calorific value of fuels? ~ 
Numerical problems : 

Which of the two following cases requires the greater 
quantity of heat (i) 500g of water heated from 35°C to 
95°C or (ii) 4 Ibs of water heated from 100°F to 212 F, 

[The 2nd case. | 

What volumes of iron, lead and aluminium bave the same 
heat capacity as a litre of water f The specific heat of 
iron, lead, aluminium and water are respectively 500, 

130, 920 and 4200 J/kg°C and their densities are respec- 
tively 7500, 11400, 2700 and 1000 kg m^?; 
[112x 1073, 2°83 x 10-3, 1:69 x 107? m?.] 
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How much heat is required to raise the temperature of a 
Copper ball, weighing 180 g. from 25°C to 95°C? Sp, 
heat of copper=0,09, Find also the thermal capacity 
and water equivalent of the ball, 

[1134 cal, 16:2 calf'C 162 g] 


Compare the thermal capacities of equal volumes of water 
and mercury, (Sp, heat and Sp. gr. of mercury are 
respectively 1/30 and 13:6 g cm~.) [1 3 0:453] 
An iron ball Weighing 50 g was placed in a furnace for 
some time and then quickly transferred to a calorimeter 
containing 1 kg of water at 35°C, It raised the tempera- 
ture of the calorimeter and its contents to 40°C, The 
water equivalent of the calorimeter is 125 g and the. Sp. 
heat of iron 0:12, calculate the temperature of the 
furnace. [977:5*C] 


A metal ball at 130°C and weighing 20 g is dropped into 
a calorimeter of water equivalent 10 g, containing 50g of 
a liquid of Sp. heat 0'5, at a temperature of 40°C, The 
final temperature is 50°C. Calculate the Sp, heat of the 
metal, [0.22] 
A calorimeter of water equivalent 25g contains 100g of an 
oil at 40°C. 4 Solid of Sp. heat 0l, weighing 50g is 
heated to 120°C and quickly dropped into the calorimeter. 


The resulting temperature is 45°C, Calculate the Sp. heat 
of the oil. [05] 


A. calorimeter contains 500g of water at 30°C. 200g of 
water at 90*C are poured into it, If the water equivalent 
of the calorimeter be 10g what is the resulting 
temperature ? [46:9°C] 
200g of an oil of Sp. heat 0:42 are dropped ata tempera- 
ture of 60°C into a calorimeter containing 36g of water 
at 23°C, The resulting common temperature is 30°C. 
What is the water equivalent ofthe calorimeter» If the 
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mass of the calorimeter be 100g what is the specific heat 

of the material 7 [10g, 0:1] 

31. A vessel contains 60 litre of air (Sp. heat 0'24) at 30°C 
weighing 1:3 gl7*. How much heat is required to raise 
temperature of the air to 40°C, [1872 cal.] 

32, On pouring 1 kg of water at 90°C into a hot water bottle 
at 35°C, the temperature of the water fails to 85°C. 
Calculate the weight of the bottle. The Sp. heat of the 
material of the bottle is 0:2, [500g.] 

33. A vessel placed on a flame asorbs heat at the rate of 200 
calories per second, How long will it take to raise the 

the temperature of 3 kg of water from 30°C to the boiling 

point assumiog that the vessel alone absorbs 3000 calories 

of heat, [17 min, 45s.] 

34, A cylinder of metal weighing 450 g at 150°C is dropped 
into 200:g of water at 15°C contained in a brass calorimter 
weighing 200 g and the temperature rises to 38 C, What 

is the thermal capacity of the metal, (Sp. heat of 
brasse- 0:092) [44:85 cal C] 

35, A calorimeter of water equivaient 15 g contains 60 g of 
water at 40°C. Due to the loss of heat by radiations, its 


temperature falls to 30°C in 5 minutes, If the same 


calorimeter is filled with 50 g of another liquid, the time 
takes place is 


in which the same drop of temperature 
found to be 2 minutes, Calculate the Sp. heat of the 
liquid assuming tbat the rate of loss of heat due to 


radiation is same in both cases. [0:3] 
36, A celsius thermometer ( water equivalent 10g) when 


immersed in 10g of water rises by 15°C and show à tem- 


perature of 35°C, What is the temperature of water 
[50°C] 


before insertion of thermometer? 
37, A thermometer of mass 55 g and Sp. heat 0:2 gives 15°C 
as the room temperture. When dipred in some water, 
kept in a calorimeter, it reads 444°C. If the water 
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equivalent of the calorimeter be 50 & and mass of water 
taken be 250 £, find the temperature of water before the 
insertion of the thermometer, (J E. ^24) [45:5*C], 
A piece of iron and piece of Copper, each of mass 100 g 
are joined together, The combined mass is heated to 


mass 250 g are placed in turn in the same calorimeter of 
mass 100 g ang Sp. heat (1, The water and the liquid, 
Which are constantly stirred are found to coo] from 60*C 


heat of the liquid, [0613]. 


IV-3, (Expansion of solids) 


Essay type questions : 

Define Coefficient of linear expansion, What is the unit 
in which it has to be expressed p How does its value 
change if the temperature Scales is changed from celsius 


Give three examples where expansion on heating is made 
to serve a usefu] purpose, 


Give three examples where expansion on heating causes. 
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Prove that volume coefficient of a solid is three times and 
the coefficient of surface expansion twice than the coeffi- 
cient of its linear expansion. 

Describe a laboratory method for determining the coeffi- 
cient of linear expansion of a solid, In this method which 
quantity should be measured most accurately to getcorrect 
result and why ? 

Describe an experiment to show the existance of force that 
brought into play by expansion or contraction of solids. 

Calculate its magnitude fora barinterms of its cross- 

section A and Young's modulus Y, 

How can pendulum be constructed to have an invariable: 
length 7 

Short answer type questions : 

A metal ball can pass through a metal ring, When the balk 
is heated, however, it gets stuck in the ring. What would: 

happen if the ring, rather than the ball, were heated ? 

Does coefficient of linear expansion depend on the (i) unit 

of lengtb, (ii) unit of temperature ? 

Explain what is mednt by ‘coefficient of linear expansion of 
iron is ‘000012 per degree celsius’ ? 

Why does the glass stopper of a bottle become loose when. 

heated ? 

Why in railway lin 
successive rails ? 


Why the holes of fish-plate are ‘oval-shaped ? 
Thick glass vessels crack move often than a thin glass: 


vessels—why ? 
A platinum wire can easily be fuse 


es small gaps are left in between two 


din a glass rod but an 


iron wire can not be—why ? 4 
Does the change in volume of a bod 
ture is raised, depend on whether the bod 


y, when its tempera- 
y has cavities 


inside ? 
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A bimetallic strip is made of copper and steel. What 
happen when its (i) temperature is raised, (ii) cooled 2 
« for copper and steel are respectively 1,7 10-5 and 
1,1 x 10-5/°C, 

Can a scale made of metal measure lengths accurately at 
all temperatures ? 

An isosceles triangle is formed with three zine rods, Is 
there be any change of the base angle when the triangle is 
heated? 

Explain why a clock goes fast in winter and slow in 
summer, 

Is there be any change in (i) internal diameter, (ii) mass, 
(iii) volume, (iv) density of a metal ring when heated ? 
Two rods of different materials differ by constant length 
at all temperature, Show that the length of the rods at 
initial temperature are inversely proportional to their 
respective coefficients of expansion. s 


, 


For reinforcement of concrete structure iron or steel rods 
are used. Why other metals are not used 1 

A copper dise fits tightly in a hole in a steel plate, Should 
you heat or coolthe system to loosen the disc from the 
hole? «for copper and steel are as given in Ex. 17, 


« for steel is 12x 10-6 per ^C, What is its value in °F. 
Numerical problems : 


There is a gap of 0'5 inch between each two rail-lines 
of 66 ft long at 10°C, At what temperature will the gap 
be filled up ? («12x 10-*/C) (H.S, 249) [66.5°C] 
An aluminium rod is 240 cm long at 35°C, To what 
temperature must it be heated to expand 0'1 cm ? « for 
aluminium=26 x 10-6 per °C, [51°C] 
Find the temperature to which a Zinc rod 50 cm long at 
15°C must be heated in order that its length may be 50:05 
em. « for Zinc—25 x 10-5 per °C, [55°C] 


199- 


EXERCISES 


29, 


30. 


31. 


32, 


33, 


34, 


35, 


36, 


37, 


« for steel is 12x 1079 per°C | It the Jength of a steeh 
rail at 20°C is 5 m, what interval must-be left between the 
rails to allow for a rise in temperature to 45°C. ¢ [0:27 cm] 
The old Howrah bridge was 656 m long. Between a winter 
night and a summer noon the temperature changes from 
8°C to 50°C, Find how much it expanded it 4«—12x 107 * 
per °C, [33 cm] 
A 5 m long girder increases by 0°15 cm when temperature 
changes from 40°C to 55°C. Find the coefficient of linear 
expansion of the material of the girder, [20 x 10-6/°C}, 
The diameter of a sphere at 95°C is 2°5 cm, Find the 
temperature to which it should be raised so that it will 
just fill to pass through a circular hole of diameter 2:501. 
cm, y=75x 1076 per °C: [51°C], 
A brassscale is correct at 30°C, A length measured by 
it at 55°C is 40cm, What isthe true length? « fcr 
brass—20 x 10-9 per °C. [40:02 cm]. 
A wheel has a diameter of 75 cm. A steel tyre of inner 
diameter 74:8 cm is to be fitted on it, Calculate the range 
of temperature in degrees celsius through which the tyre’ 
must be heated so that it may be mounted on the wheel, j 
x for steel=12 x 1079 per °C, [222'8°C] 
Two bars of brass and steel, standing side by side, have 
one end of each rigidly attached to the other. The other 
ends are free to expand, The stee! bar is 1 m long. What 
should be length of the brass bar so that the distance 
between the free ends of the bars remains the same at all 
peratures? « for brass 20 x 107^ per °C and « for 


tem 

steel 12 x 1075 per °C. [60 cm.] 

A „pyrex flaskchas a capacity of 1 litre at 15°C, Find its 
4—4x 1079 per °C, [1:00018 litre] 


capacity at 35°C. 
A steel sphere has to be passed 
20°C, the diameter of the sphere is 
diameter of the ring is 24.9 cm, 


through a brass: ring. At 
25:0 cm and the internal 
If the sphere and the- 
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ting are heated togather what is the temperature rise 
necessary? « for steel—12x.10-9 per °C and « for brass 
2220 x 10-6 per °C, [About 500°C] 
The density of alluminium at 20°C is 2.55 g cm-*. 
Compare its densities at 0°C, and 100°C, given « for 
aluminium=25 x 10-9 per °C, [1:005 ; 0:994] 
The time period of a simple pendulum is 2s, It is made 
of iron, For a change of 25°C, what will be the change in 
the length of the pendulum, « for iron—12x 10-9 per 
orc, [0.0296 cm.] 
A . brass scale correct at 0°C measures a Zinc rod at 10°C 
and the length is found to be 1,0001 m, Find the correct 
length at 0°C and 10°C. « for brass—19 x 10-9 per °C 
and that for Zinc—29 x 10-5 per °C, [1m, 1.00029 m.] 
An iron pendulum-makes 86405 oscillations in a day ; at 
the end of the next day the clock has lost 10 s, Find the 
change in temperature, « for steel 12 x 10-6 per °C. 
[19.6°C,] 
The ends of steel rod exactly 1'5 cm? in cross-Sectional 
area are held rigidly between two fixed points at a tem- 
perature of 33°C: Determine the pull in the rod when the 
temperature drops to 23°C, y for steel=2x 1012 dy 
cm-? and «—11x 10-6 per °C, [3.3 x 108dy.] 
The base: BC of an equilateral triangle is made ofan alumi- 
nium wire and the other two sides AB and BCare made 
of copper, A wire of iron connects the vertex A to the 
mid-point of the base BC, If for a small rise of tempera- 
ture, the arms of the triangle do not buckle, find the co- 
efficient of linear expansion of iron, « for. copper=16X 
10-6 and that for aluminium—26 x 10-5 per °C, 
1 [12.7 x 1075 per °C] 
Three rods form an equilateral triangle at u°C. Two of 
the rods are of same material and the third is of inver 
(whose themal expansion may be neglected). If after heat- 
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ing to the steam point, the angle between the identical rods 


be 3 oe 0), prove that the coefficient of linear expansion 


of the material of the rod is gee per °C (JE, '76) 
A ‘thermal tap’ used in certain apparatus consists of a 
silica rod which fits tightly inside an aluminium tube whose - 
internal diameter is 8mm at 0°C, When the temperature 
is raised, the fit is no longer exact. Calculate what 
change in temperature is necessary to produce a channel 
whose cross-section is equal to that of a tube of 
1 mm internal diameter, x for silica=8X10-° per 
°C and that for  aluminium-26x10-5 per °C. 
(oxf & camb.) [161°C] 
A steel cylinder has an aluminium alloy piston and, at a 
temperature of 20°C when the internal diameter of the 
cylinder. is exactly 10 cm, there isan all-round clearance 
of 0.05 mm between the piston and the cylinder wall, At 
what temperature will the fit be perfect? «for steel— 
12 x 10-6 and that for aluminium alloy—16 x 10-° per °C 
(oxf & camb,) [270°C] 
The area A of a rectangular plate is ab. It's coefficient of 
linear expansion is <. After a temperature rise A T, side 
a islonger by ^a and side b is longer by ^ b. Show that 
if we neglect the small area A8. Ab, then a A=24A AT. 
eglect extremely small quantities, the 


a solid on expansion through a tem- 
V234 VAT where « is 


Prove that, if wen 
change in volume of 
perature rise AT is given by ^ 
the coefficient of linear expansion. 

Two rods of length 1, and coefficient of linear expansion 
«4 are connected to a third rod 1; of coefficient of linear 
m an isosecles triangle, The arrange- 
knife-edge at the mid point of 1, 
e relation between ly and 


expansion «, to for 
ment is supported an à 
which is horizontal. Find th 
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}, so that apex of the triangle is to remain at a constant 
distance from the knife-edge as the temperature changes. 
(4 5,4, —P,«] 
A bimetallic strip consists of two tapes 0'5 x 107? m thick, 
one of steel whose coefficient of linear expansion is 10x 
10-*/K and the other of german silver of exapansion 
coefficient 18x 107*^/K, The plates are welded togather 
face to face, A 0' 10m length of the strip is firmly fixed at 
one end to a support. How much does the other end 
move when the temperature is changed by 100°K 7 
[7:99 x 10-3 m] 
Two equal bars, 50 cm long, one of brass, the other of 
iron, are joined togather at one end and a needle of 
lmm in diameter and carrying a pointer is clipped 
between their face ends. When the bars are heated, the 
needle rotates through 10°, What is the temperature 
interval through which they were heated ? [27.1°C] 
A uniform pressure P is exerted on all sides of a solid 
cube at temperature t°C, By whatamount should the 
temperature of the cube be raised in order to bring its 
volume back to the volume it had before thc prersure was 
applied > The coefficient of volume expansion of the 
cube is ? and the bulk modulus of elasticity is K (I.I T.*78) 


[xr] 
Ky 

A uniform solid brass cylinder of mass 500 g and radius 
3 cm is placed on frictionless bearings are rotated with 
an angular velocity 60 rad s7* about the cylinder axis at 
20°C. If now the temperature of the cylinder is increased 
to 100°C without mechanical contact, will there by any 
change in its angular velocity, angular momentum and 
Kinetic energy of rotations? Explanin your answer, 
Calculate. the percentages of the above quantities, if any, 


p Pa 


34, 


55. 


[A] 


EXERCISES y 303 


assuming the mean coefficient of linear expansion of brass 
to be 2x 1075 per °C, "i GE, 83) 
` [Yes, no, yes ; 0.32,0,032] 
A piece of metal weighs 46 g ip air, When it is immersed 
in liquid of sp, gravity 1'24 at 27°C, it weighs 30 g. When 
the temperature is raised to 41°C, the metal piece weighs 
30:5 g. sp. gravity of liquid at 42°C is 1.20. Calculate the 
coefficient of linear expansion of the metal. (LI.T, '74) 
[2.31 x 107 5/*C] 
A composite rod is made by joining a copper rod, end to 
end, with a second rod of different material but of the 
Same cross-sections. At 25°C the composite rod is Im 
in length, of which the length of the copper tod is 30 cm. 
At 125°C the length of the composite rod increases by 
1,91 mm. 
When the composite rod is not allowed to expand by hold- 
ing it between two rigid walls, it is found that the lengths 
of the two constituents do not change with the rise of tem- 
perature, Find the Young’s modulus and coefficient of 
linear expansion of.the second rod, Given 4,,—1.7X 
10-5/°C, Y,, —1.3x 1012 Nm^?. (J.E. ’84) 
[1.105 x 1012: Nm-?, 2x 107 */C.] 


IV-4. (Expansion of liquids) 


Essay type questions : 

Distinguish between absolute and apparent expansions ef 
a liquid, and find the relation between the corressponding 
coefficients. 


How. does the density of a liquid c i | 
ture 7 What is the peculiarity in the behaviour of water 


hange with tempera- 


in this respect ? 


How would you 
heating and that water has its maximum densit: 


show that water at O°C contracts on 
yat 4'C? 
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What is the consequence of this anomolus behaviour of 
water on marine life ? 

Which coefficient of expansion of a liquid is determined 
by a weight thermometer ? Describe the method in 
detail. 

Describe Dulong and Pelit's method of determining the 
coefficient of real expansion of a liquid. 

(a) Find the relation between the densities of a liquid at 


different temperatures, 


(b) Show how the apparent weight of a solid immersed in 
a liquid changes with rise in temperature. 


Short answer type questions : 

A long cylindrical vessel having a linear coefficient of 

expansion « is filled with a liquid up to a certain level. 

On heating, it is found that the level of the liquid in the 

cylinder remains the same. What is the volume coefficient 

of expansion of the liquid ? 

What is the difference between a weight thermometer and 

Dulong and Pelit’s method, (J.E. ’78) 

A block of ice floats in a beaker filled with water to the 

brim. When ice. melts completely, what happens to the 

level of water if the temperature of water is (i) at 4°C, 

(ii) at O°C, , (iii) at higher temperature. 

Explain why lakes freeze first at the surface. 

What difficulties would arise if you define temperature in 

terms of the density of water ? 

A sp. gravity bottle is marked *50 c.c,, 20°C’—say what it 

means. How can you test its accuracy 7? 

A. block of wood is floating on water at O^C with certain 

volume V above water-level, The temperature of the 

water is slowly raised from 0°C to 20°C, How does the 

yolume V change with the rise of temperature 7 (LLT. "14) 
f 
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18. 


19. 


20, 
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Zl 


22, 


25. 


The top of a lake is frozen, Air in contact is at — 15°C, 
What do you expect to be the maximum temperature of 
water—(i) in contact with lower surface of ice, (ii) at the 
bottom of the lake 7 (LIT. *73) 
A beaker filled with water at 4°C overflows if temperature 
is increased or decreased explain, (LL. *69) 
A piece of ice is floating in a beaker completely filled with 
a liquid of density 1.5 g cm-?. Will there beany over- 
flow of liquid when the ice melts 7 Explain. (ILT.'83) 

Which coefficient of expansion is determined by a weight 
thermometer p Why is the instrument so named 7 

A big lump of ice with a piece of lead forzen into it floats 

in water, What will be the change of level of water when 

ice melts completely ? What will happen if the lead is 

replaced by equal volume of cork ? 

How will the level of mercury in a thermometer change 

when the bulb heat (i) quickly (ii) suddenly ? 

*A barometer reading needs correction —Explain. 


Numerical problems : 


A mercury-in-glass thermometer hasa bulb 1 cm? in 


capacity, It is desired to make each celsius degree on the 
scale 5 mm-long, Calculate the cross-sectional area of 
the capillary tube, ‘The coefficient of apparent expansion 
of mercury in glass is 16 x 1075 per °C. [0'0032 cm?] 
What should be the volume of mercury to be put in a glass 
flask of capacity 720 cm? so that the volume above the 
mercury remains the same at all temperatures? The 
coefficient of real expansion of mercury is 18x 10-5/°C 
and the coefficient of cubical expansion of glass is 25x 
10-*fC. [100 cm3] 
The coefficient of expansion of water between 4C and 


20°C is 0,00015. Calculate the weight of 1 litre of water 
at 20°C. [997.62] 


25. 


26. 


21, 


28, 


29. 


- 0°C, The barometer reads 750mm at 20°C, Calculate the 


the coefficient of cubical expansion of mercury is ”m P 


| 
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A thin copper sphere of diameter 10 cm has a uniform tube 
of diameter 0.5 cm attached to it, Water fills the sphere 
and stands at a height of 10 cm in the tube, What will be | 
the change in the level of water in tube if the sphere is 
(i) suddenly, (ii) slowly heated from 30°C to 60°C? « for | 
Cues 16,7 x 10-6/°C, coeff, of absolute expansion of water 
z45x10-9/C. oe drop 4 A 
x : will rise 32 cm, 
A column of mercury at 100°C is balanced by a column at | 
0°C, Their heights are 50:90 cm and 50:00 cm respec | 
tively, Calculate the coefficient of real expansion of 
mercury, (18 x 1075/6] | 


How much mercury must be placed inside a glass flask, 
having an internal volume of 300 cm?, so that the volume | 
of the remaining space inside the flask may be constant at | 
all temperatures? coefficient of cubical expansion of 
mercury=18 x 1075/C and coefficient of linear expansion | 
of glass=9 x 10-8/°C, [45 cm] 


A mercury barometer has a brass scale which is correct at 


correct barometric height. Given « for brass=18X 10-5] 
°C and 7 for mercury=18 x 10-5/°C, 
[747,57 mm of Hg] 


The volume of the bulb of a mercury thermometer at oc 
is V, cm* and the cross-section of the capillary is A, cm": 
The coefficient of linear expansion of glass is «, per °C and 


0°C. If the mercury fills the bulb at 0°C, what is the 
length of mercury column in the capillary at tC? 
(AM.LE.) [V.t (v, - 3«,)/A , 2440] 
A glass bottle full of mercury at 12°C contains 506.1328 
of Hg, When heated to 100°C, the bottle contains 500.008 
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31, 


32, 


33, 


34, 


35, 


of Hg. Find the coefficient of real expansion of Hg if the 
coefficient of linear expansion of glass is 9 x 1075 *C-1] 
[0:00018°C-2] 
A vertical glass tube, closed at the bottom, contains Hg to 
a height of 0.5 mata temperature of 10°C, Find the 
height of mercury column at 30°C, y for Hge-18 x 10-°/ 
°C and « for glass=8 x 1075/C, [0:5016m] - 
If the density of mercury at 0°C is 13596 kgm-?, what is 
its value at 60°C if the coeff. of cubical expansion of Hg is 
0.000182 degC-1, - (13447 kg m-?.] 


It is desired to use glass in the construction of a celsius 
mercury thermometer. reading from — 10°C to 100°C in 
which degree divisions shall be 0.002m apart. What 
must be the capacity of the bulb, The coefficient of 
cubical expansion of mercury and glass are 0000182 and 
0*000025 degC-: respectively, [3.99 x 10-7m.] 
The mass of Hg overflowed from a weight-thermometer 
is 5,4 g when heated from ice to steam-point, The thermo- 
meter is placed in an oil bath at 20°C, On heating the 
bath, 8,64 g of mercury flows out, Determine the tempera- 
ture of the bath, a [180°C.] 
Aniline is a liquid which does not mix with water, and 
when a small, quantity of it is poured into a beaker of 
water at 20°C if sinks to the bottom, The densities of the 
two liquids at 20°C being 1021. and 998 kg m-? respec- 
tively. To what temperatures must the beaker and its 
contents be uniformly heated so that the aniline will form 
a globule which just floats in the water 7 The coefficient 
of absolute expansion of aniline and water are 000085 
and 0:00045 K-t respectively. (London) [79°C] 
Using the following data, determine the temperature at 
which wood will just sink in benzene. Density of benzene 
and wood at n are 9x 10? kg m-? and 8.8 x 10? ten m-? 
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respectively ; Coefficient of cubical expansion of bengene 
and wood are 1,2x10-8K~-2 and 1,5 x 10-4 K-t respec- | 
tively. (London) [21*7'C]2 


A glass tube nearly filled with mercury is attached to the 
bottom of an iron pendulum rod 100 cm long. How high 
must the mercury be in the glass tube so that the centre 
of mass of this pendulum will not rise or fall with change | 
of temperatures? « for iron—11x 10-9/C and y for | 
Hg=18x 10-5/°C, (464 cm.) 


In a mercury-in-glass thermometer if the V, is the volume | 
of mercury that just.fills the bulb at 0°C and the cross | 
section of the capillary is A,, show that the length of the 
mercury column in the capillary at a temperature t"C is © 
V, (7—3«) t/A, where y is the volume coefficient of 
mercury and « is the linear coefficient of expansion 
Of glass, Assume that the cross-section of the capillary i$ 
constant, ‘ 


A sphere of diameter 7 cm and weighing 266,5 g isfloating 
in a liquid. When the temperature of the liquid is raised, 
it is found that the sphere just immersed at 35°C, If the | 
density of the liquid at 0°C be 1,527 g cm-3, calculate the 
coefficient of volume expansion of the liquid. Neglect 
the expansion of the sphere, (LLT, '62) [8 x 10-4/°C] 
Two thermometers A and B are made of same kind of 
glass and contain the same liquied. The bulbs of both 
the thermometer are spherical, The internal diameter of 
the bulb in A is 7.5 mm and the radius of cross-section 
of the tube is.1.25 mm, the corresponding figures in P 
being 6.2 mm and 0.9 mm, Compare approximately the 
length of a degree in A with that in B. (J.E. 70) 

[0:8 approx.) 


_A Sinker of weigh W, has an apparent weigh W, When 


weighed in a liquid at temperature t; and W; when 
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10, 


weighed in the same liquid at temperature t,. The coeffi- 
cient of cubical expansion of the matrial of the sinker is 
8. What is the coefficient of volume expansion of the 


LI — r 
liquid 7 (I. I. T, 78) B +] 


IV-5. (Expansion of Gases) 


Essay type questions : 


Describe a experiment to show that gases expand when 
heated, How does expansion of a gas differ from that of 
a solid and liquid 7 ih : 

State Boyle's law and charles' law. How would you verify 
the laws experimentally ? i 
State the two fundamental laws of change of pressure, 
volume and temperature of gases and show that tħey may 
be expressed in the form of a single equation. 

State charles’ law and show how it gives rise to the idea 
of an absolute zero of temperature, What is an absolute 
scale of temperature 7 pe 

Define volume and pressure coefficient fora gas. Why is 
it necessary to define two coefficients for a gas? Show 
that for a perfect gas, the volume coefficient of expansion 


is equal to the pressure coefficient. 


Describe Regnault’s constant pres 
How can you determine the volume coefficient of a gas 7 


Short answer type questions : 
The expansion of a gas due to application of heat depends 
upon its condition—Explain. 

Explain what you mean by a perfect gas. ; 
Calculate the value of absolute zero in both celsius 


sure air thermometer. 


and 


Fehrenheit scales. 
Why the absolute zero is treated as more fündamental and 


more universal than the celsius zero ? 


14, 


it 


[c] 
16. 


17. 
18, 
19. 


20. 


. Pressure of air in the tyre, the volume remaining constant. 


mercury, If the volume becomes 40 cm* at 17°C, what i 


How is the celsius scale related to absolute scale k 
temperature ? ; 
What do you mean by ‘universal gas constant’ ? Why i 
it so celled » 


A liquid has an apparent coefficient of expansion but gasei 
have none—why ? 


Why do we always take the initial volume and pressur 
at 0*C which in defining coefficient of expansion of a ga 
in contrast to the cases of solid and liquid 7 
Given samples of 1 cm? of hydrogen and 1 cm? of oxygel 


both at N.T.P. Which sample has a larger number D 
molecule » 


Numerical problems : 


A certain mass of a gas is at 40°C. Calculate the tempera: 
ture at which the volume will be doubled, pressure 
remaining the same, If the volume is kept constant, wh at 
will be the temperature if the pressure increases to three 
times its initial value y [353°C, 666°C) 
A gas occupies 50 cm? at 67°C and pressure 70 cm 0 


the new pressure ? [74:6 cm of 


A gas occupies 125 cm? at 60°C and 75 cm of mercüry 
If the pressure be increased to 80 cm at temperature 30°C 
what is the new volume ? [106:5 cm?;] 
A thin glass bulb is sealed at 27°C, the inside pressure 
being 1 atmosphere. The maximum internal pressure the 
bulb can withstand is 95 cm of mercury, At what 
temperature will the bulb burst 7 ; [102°C] 
A bicycle tyre contains air at a pressure of 2 atmosphere ati 
30°C. If the temperature rises 40°C, what should be the 


[2:07 atmos,] 
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21, At constant pressure 1 litre of a certain gas expands by 
128- cm? when heated from 0°C to 35°C, Calculate from 
these data the value of the absolute zero. [-273°C] 
22 Compare the density of air at 10°C and 750 mm pressure 
with that at 15°C and 760 mm pressure. fi: 1:004] 
23. A litre of gas weighs 1.562 g at 0°C under a pressure of 


24. 


23; 


26, 


AS 


28. 


29. 


30, 


` from these data the value of the 


76 cm of mercury. The temperature rises to 250°C, and 
the pressure to 78 cm of mercury, What isthe weight of 
one litre of gas under the new conditions ? [147 gi *] 
A 10 litre vessel containing air at one atmosphere is heated 


from 0°C to 100°C, What will the pressure be if the 


vessel was a closed one? What fraction of the mass of 


air will escape if the vessel was open to the atmosphere f 
[1°37 atmos, 100/373] 


A glass globe of capacity 1 litre is heated at sea-level 


from 0°C to 100°C with its month open. Find the mass 
of air expelled thereby, Density of air at N, T. P= 
0,001293 g cm: *. : [0:3466 g.] 
At constant pressure the volume of à certain gas increases 
13 1035 between 15C and 25'C, Calculate 

j absolute zero, [—270'C] 
60°C, To what temperature 


A glass vessel contains air at 
must it be heated to expel one-third of the air, the pressure 
- [226:5"C] 


remaining constant | . 3 
The density of oxygen at N. T. P. is 1:429 gl-!, A certain 
mass of the gas is enclosed in a cylinder, whose volume is 


2:5 litre, under a pressure of 780 mm at a temperature 
27°C, What is the mass of the gas in the cylinder ? 

i . [5:336 g] 
A gas at 13°C has its temperature raised at constant 


pressure SO that its volume js doubled, What is the final 
[299°C,] 


temperature ? 
The volume of an 
from the bottom ofa 


in the ratio 


air-bubble increases five-fold in raising 
lake to the surface. If the barometric 
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height be 30 inches, find the depth of the lake, Density of 1 
mercuryzs 13:6 Bcm-*, [136 ft,] 


"the disc, Initially the height of the gas column is 90 em, 


When the disc is in equilibrium between the gas and the 


bulbs is immersed jn boiling water and the other in ice ? 
(Bihar Univ.) [87°76 cm of Hg] 


reading now is 730 mm. Calculate the volume occupied 


_ by the water vapour, Gas constant R=8'3x 107 erg per 


[34°6 cms] 


Tespectively - Calculate the volume of dry gas at N, T. 


.P, The vapour ‘pressure Of water at 25°C is 23-45 mm 


of Hg, [6442 cm? ] 
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37, 


38, 


39. 


40. 


“A capillary glass tube wi 


An air filled cylindrical vessel at atmopheric pressure is 
lowered into water with its open month downwards until: 
water occupies 1rd part of the whole volume ofthe cylinder, 
How much further it has to be dipped into waterso that 
water occupies rd of its volume ? Atmopheric pressure 
=76 cm of Hg and density of Hg—13.6 gcm-?, [155 m] 


Two vessel of volumes V, and V4 are filled with a gas and 
pressures in them are P, and P, respectively. The vessel are 
then connected by a narrow tube with a stop cock, What 
will be the final pressure of the gas if the stop cock is. 
opened. Assume the temperature to remain unchanged. 
[(P. V. +PiVa)/ V Va] 


Two vessel of volumes 5 and 3 litre contain air at pressures 
of 3 and 7 atmospheric respectively, What will be the 
e connected togather with 


resultant pressure when they ar 

a small tube, Assume the temperature to remain 
unchanged. | 0 [45 atmos,;] 
ntains an ideal gas at a pressure of 5 atmos- 
of 300°K, Itis connected by a 

el with a connecting tap, whose: 
volume is 4 times the volume of the first vessel. The 
second vessel contains the same ideal gas at a pressure of 1 
atmosphere and temperature 500°K, Now the connecting. 
tap is opened, equilibrium sets in, Assuming temperature: 


to be constant, find the final pressure of the system. 
[2 atmos, ] 


A vessel co 
phere and a temperature 
thin tube to another vess 


th fine bore has both the ends. 
sealed and a small mercury pellet inside, The pellet 
divides the tube into two parts whose lengths are in the: 
ratio of 3:1. If the initial temperature of the whole arrange- 
ment is 0°C and if it js heated afterwards to. 273°C, what 
will be the change in the air-pressure inside the tube ? 

[In each part the pressure will be doubled. ]: 


. 
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A glass capillary tube, sealed at both ends is 100 cm long, 
"it lies horizontally with the middle 10 cm occupied by 
mercury The two ends oftube ( which are equal in 
length ) contain air at 27°C and at a pressure of 76 cm of 

mercury, Keeping the tube in a horizontal position, the 
air-column at one end is now kept at 0°C and the other end * 
is maintained at 127°C, Calculate the length of the air 
column which is at 0°C and also its pressure, Neglect the 
change in volume of mercury and glass, (I. I. T. ’75). 
(365 cm, 85'2 cm of Hg] 

A uniform narrow ‘tube closed at one end contüins some 
air confined by a mercury 15 cm long. When the tube is 

held vertically with its closed end downwards, the air 

column is 20 cm long but when it is held horizontally the 

air column is 24 cm long, Calculate the. atmospheric 

pressure, ` n [75 cm of Hg.) 

An air bubble starts riSing from the bottom ofa lake. Its 

diameter is 3'6 mm at the bottom and 4 mm at the surface, 
The depth of the lake is 2:5 m and the temperature at the 
Surface is 40°C, What is the temperature at the bottom 

of the lake ? Assume that the variation of density of 

water with depth is negligible. Atmospheric pressure is 

76 cm of mercury and acceleration due to gravity is 980 

cm s7?) (LLT/66) [10.2C] 

A cylinder closed at both ends is divided into two halves 
by a thermally insulated piston. Both halves of the 
cylinder contain equal masses of gas at a temperature of 
27°C and pressure 76 cm of Hg, What distance from the 
centre of the cylinder will the piston move if the gas at one 
section is heated to 57°C ? What will be the final pressure 
in each section ? The initial length of each section is 
42 cm, [2 cm, 79:8 bm of Hg.] 
A flask contain 1 g of oxygen at a pressure of 10 atmos- 
phere and ata temperature of 47°C. Ata latter time it 
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was found that because of a 


213: 


leak the pressure has dropped. 


to 5/8 of its original value and the temperature has. 
decreased to 27°C, Find the volume of the flask, and how 


many grams of oxygen leake 


d out, [82 cm’, 0:33 g.] 


IV-6. (Kinetic theory of Gases) 


Essay type questions : 


What evidence can you ofter to support that matter has à: 


molecular structure 7 
What evidence can you offer 


to support that in liquid and 


gases molcules have a random motions ? 


What is Brownian motions 


1 What is its importance in. 


connetion with the Kinetic theory of gases ? 


What are the fundamental 
theory of gases ? 

State briefly how the pr 
Kinetic theory of gases, 


How do you derive the concep 


Kinetic theory of gases ? 
How can Boyle’s law, 
law of partial pressure be 
they of gases ? 


3 
If the pressure and density of a gas are 
gas molecule 
s there between tempera! 


the velocity of a 
What relation i 
of a gas molecule f 


How does a real gas differ 


what condition will a real 


gas? 
What are ‘Avogadro's numb 
and Boltamann’s constant. 


assumptions of the Kinetic 


essure of a gas is explained on the 


t of temperature from the 


Avogadro's hypothesis and Dalton’s. 


accounted for by the Kinetic 


known, how can 


be determined from them f 
ture and. velocity 


from a perfect gas 7 Under 
gas behave closest to à perfect. 


er’, the «universal gas constant". 
How they are related 7 


——oiO 
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Short answer type questions : 
Explain what is meant by mean velocity and root-mcan 
Square velocity, Arc they identical p Which one is morc 
important ia Kinetic theory p 


, Whee heat is supplied to a body what physical process 


gocs on inside it p (J. E. E. 79) 
What are the limitations of ideal gas equation PV—RT p 
Prove that the average kinetic energy of a moleule i tbe 
same for all gases at tbe same temperature, 

‘Al same temperature molecules of different gases dive 
the same R, M. S. velocity’, ls it true, Jostify our 
answer, (ILE T. 510) 
How does the R, M, S. velocity of the molecules o aa 
ideal gas vary, when (i) temperature is increased and 
(ii) density is increased, 

In Brownian motion, do we observe the motion of the 
molecules of a liquid or a gas or of some other particles p 
Show from Kinetic theory of gases that the average Kinetic 
energy of a gas molecule is proportional to the absolute 
temperature of the gas. 

Discuss the limitations of ideal gas equations. (H.S. ^9) 
The average velocity of the molecules of a gas is zero i! 


l the gas as a whole and the container are pot in transis- 


tional motion. How it can be that the average spoed is 
not zero 7 

Is ideal gas equation applicable to real gases p 

Write down Van-der-wasl's equation of state with proper 
explanation. 

How Kinetic theory explains (i) thermal expansion, 
(ii) change of state and (ii) evaporation and vapour 
pressure, 


Account for the diffusions phenomenon from Kinetic 
theory, 
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23. “If a pungent gas, like ammonia, is let free at one end of 


37 


3M. 


the room, it will not be sensed by a person at the other 
end of the room at ooce'—explain the statement, 


s What do you meas by ‘mean free-path" p 


Numerial problems : 

if the R. M. S. velocity of hydrogen at N. T. P. is 1:84 
km s-', calculate the R, M, S, velocity of the oxygen 
molecules at N.T.P. Molecular weight of hydrogen and 
oxygen ome 2 and 32 respectively. (Gorakhpur). 


[0:46 km s*'] 

At what temperature, remaining constant, will the 
RMS velocity of a gas be half of its value at 0°C. 
(Agra.) [—204-75°C) 


Calculate the mean Kinetic energy of a molecule of a gas 
in clectron-volt at a tempereture of 3940°K. Given R= 
$:31 x 10" erg deg^* mole*?, Ne 6:025 x 10?*, (Bombay). 

(0-5094ev] 
Calculate the number of molecules in 1 cm* of a perfect 
gus at 27°C and at pressure of 20 mm of mercury. Mean 


equals the velocity of escape from the earth's gravitational 
field. Mass of nitrogen ‘stom = 23'24x10-**g, mean 


10-24 erg 'C^?, g 980 cm s7?. (LA S.) (14:12 x 104**K] 
Calculate the molecular kinetic energy of 1 8 of helium 
(molecular weight=4) at 127°C, (R=8'3x 10" erg per 8 
mole per degree). (Bombay unit.) —- “| [1245 x 10° erg) 
Calcolate ibe kinetic energy of a gas per 8 mole at N T. ©. 
Given that density of the gasan0.178 g per litre st N. P. 

(Agro). [35x 10: Serg) 
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>o r- m, s. velocity of the molecules be 0:5 km s-:, What 


The mean kinetic energy of a molecule of hydrogen at 0° 
is 5:64 x 1071* erg and moler gas constant is 3:32x 10"erg 
mole-:0,-:, Calculate Avogadro’s number. (Banaras), J 


At what temperature will the r, m, s, velocity of hydrogen. : 
be double of its value at N, T. P., Pressure remaining 
constant 7 [819°C] | Ü 

Calculate the r, m, s. velocity of hydrogen at N, T, P. 
and also at 2184*C, One litre of hydrogen weighs 0'089 
.gat N, T. P. [1:84 km $71, 5°52 km s= 
The diameter of the molecule of gas is 3x 10-8 em. | 
Calculate the mean free path and N, T. P, Boltzmann’s ~ 

constantes 1°38 x 10-16 erg 0,-!, [9.3 x 1075 cm 

With what speed would one g mole of oxygen at 300°K - 

^be moving in order that the translation kinetic energy - 
of its centre of mass is equal to the total.random K, E. 

iof all its molecules, molecular weight of oxygen being 32 7 

[4:8 x 104 cm s71] 

Calcuiate the density of an ideal gasat-S, T, P. if th e: 


will. be density of the gas at 21°C, the pressure remaining 
thesame? (Assume 1 standard atmosphere=105 N m- 
(J. E, E,'83). [F2 kg m-3, 1:114 kg m- 

One g-mole of helium at 60°C is mixed with one g-mo 
of argon at 30°C, What is the temperature of the mixture 2 
[45°C] 


IV-7. (Change of State) 


Essay type questions : B. 
What is latent heat? What does it do? What do you i : 
understand by the statement that latent heat of ice is 80 9 
Is it a proper statement to. say only 80 without any 
mention of unit ọ What should be a correct statement ? 
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` Describe an experiment for measuring the specific latent 
heat of ice what precantions are necessary for two 
experiment ? 

2. How is melting point affected by pressure ? What is 
regelation ? Explain how a loaded copper wire can pass 
through a block of ice, Will the experiment succeed if a 
Silk thread replaced the copper wire ? Explain your 
answer, 

3. How would you show that a vapour exert pressure and 
that the maximum pressure a vapour can exert depends 
on the temperature. 

4, State the principal facts about evaporation and boiling, 
What is the fundamental difference between them ? 

5. How would you show that a liquid boils when its vapour 

3 pressure is equal to the pressure on it? 
6. Whatis the effect of change of pressure on boiling point? 


What is meant by normal boiling point 2 : 

Describe one experiment each to show the effect of (a) an 

increased pressure, (b) a redueed pressure on boiling 
point. 
Mention some ap 
(b) redüced pressure, : 

7. What do you understand by the statement that the latent 
heat of steam is 540 calories per gram 7 
Describe an experiment to measure this latent heat, What 


precautions are necessary for the experiment 1 
8. Give some examples of cold produced by evaporation. 
Mention some practical uses of it, 


plications of boiling under (a) incieased, 


[B] Short answers type questions : 
9. Suppose that the latent heat of ice were suddenly reduced 
to half its value. What may be the effect of such a change 


; ^on the snows of the Himalayas ? ? 


15 
iy 


220 


22, 


23, 
24, 


25, 


26, 


HEAT 


Do all substances have sharp meling. points ? Give 
examples. 

In what sense isfreezing a heating process? How does 
the heat thus produced protect plant and temper the 
climate ? 

Brass is not suitable for type making why ? 

In cold countries hot water pipes burst more often than 
cold water pipes runaing side by side. Why 7 

Explain is a small tube filled with water will freeze if kept 
surrounded by melting ice » 

Explain why two pieces of ice can be joined by pressing 
them togather for a few seconds and then releasing the 
pressure, 


{What is meant by ‘supercooling’ ? 


‘In expanding in solidification water exerts a considerable 
force’—illustrate it with suitable example, 

A loaded copper wire cuts through a piece of ice without 
dividing the piece into two halves. State with reason what 
will happen if (i) the copper wire be replaced by an 
ordinary thread and (ii) temperature of air goes below 0°C. 
Why do cracks found in rocks ? 


` What are ‘Sensible heat’ and ‘latent heat’ t 


Why is ice at 0°C a better cooling agent than water 
at0C? | 


When can heat be supplied to a substance. without cauing 
a change of temperature? How can this heat be 
recovered ? 


Why electrical fuses are made of alloys 7 


When common salt is mixed with ice, the temperature of 
the mixture goes much below 0°C. Why ? 


In cold countries, why water of the radiator of automo- 
biles is mixed with glycol or glycerine ? 


What is eutectic temperature and eutectic mixture 7 
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27, 


29. 


30. 


31. 
32, 
33, 


34. 


35 


Two metal sphere one of aluminium and other of lead, each 


having the same weight, are suspended with threads. 
A vessel containing molten napthalene in equilibrium with 
solid napthalene is taken and the two spheres at room 
temperature are “simultaneously plunged into the clear 
molten liquid napthalene at the top of the vessel, kept 
immersed for about a minute and then taken out. ‘Each 
gets coated with some frozen napthalene and on weigh- 
ing the napthalene coated aluminium sphere appears heavier 
than the napthalene coated lead sphere. 
Briefly explans the reason for the difference and state 
your conclusion about the relevent properties. (J.E.E, ’74). 
Water boils (i) on a hill station, (ii) at sea-level, (iii) at the 
bottom of a deep mine, How do the boiling points differ 
at the three places " 
A flask containing water is heated, After the water has 
been boiling briskly for some time, the flask is quickly 
stoppered and removed from the flame. Explain why, 
when the flask is dipped into cold water, the water inside 
begins to boil, 
To cook food at the top of a high mountain, you employ 
a method different from that u.ed on the plains. Explain 
why. Bie j 
How do earthenware pots keep water cool in Summer ? 
How is dry ice formed 7 j i 
Can water in a beaker kept on a table be made to boil 
by passing steam at atmospheric aie land through it? 
(H.S; *65). 
Why ? ^ 
A piece of boiling paper is placed in a beaker of vei 
with part of the paper projection over the edge, Soon 
frost is noticed on the projecting portion of the paper. 
Why? 


The temperature US by a Lo homes decreases 
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when its bulb is covered with.a piece of cloth soaked in 
alcohol. Explain, 

Can water be frozen by its own evaporation ? 

Why does evaporation cavse cooling ? 

What is the difference between ‘latent heat of vaporisa- 
tion’ and ‘latent heat of evaporation’ 7 

How can you show that vapour exerts pressure ? 
Dintinguish between a gas and a vapour. 

Why is hydrozen called a parmanent gas ? 

What is the advantage of taking water as the hot substance 
in a hot water bottle 7 


_A person gets a more severe burn by steam at 1C0°C, than 


by boiling water, Why ? (H. S. '82,) 
Some astronaut on the surface of the moon took some 
water at about 20°C out of his thermosflask and poured 
over into a glass beaker, Briefly explain what you would 
expect to happen to water, (J.E.E. '76). 


It is found that at ordinary temperature some gases like 


ammonia can be liquified with suitable pressure, where as 
other like oxygen cannot be so liquificd whatever be the 
pressure applied. Explain why it is so, (J.E.E. 73) 
Why much longer time is required to boil away a quantity 
of water than that necessary to bring it to the boiling 
point, heat being supplied at constant rate ? 

Why the reading of a thermometer is lowered where its 
bulb is wrapped with a wet rag? What difference wil! be 
observed when the rag is wetted with (i) ether, and 
(ii). water ? (J.E.E, 74 ) 
*At Darjeeling water boils at much lower temperature 
than 100^ C —Explain. t i 

Why the temperature of a boiling liquid cannot be increased 
further on application of heat 2, 


It a few drops of ether is poured on the bulb of a thermo- 
meter an immediate lowering of temperature is produced. 
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But when the thermometer is dipped in a bottle of. ether, 
no such lowering of température is observed. Explain 
with reasons, 
51, Why does one kg of iron melt more ice than one kg of 
lead, both being at the same temperature of 100°C ? 
52. Why it is harmful to dry wet clothes on the body ? 
51 Why does water keep cool in an earthen pitcher but not so 
in a brass one ? 
54. Why does tea cool rapidly when poured in a flat dish ; 
55. Why ‘Khaskhas’ screens are used on the windows in 
summer ? 
56. Why is a thermometer bulb not kept immersed in the 
liquid in determining boiling poin ? 
57. Why are some pieces of broken glass put in à vessel while 
boiling water in the vessel ? | D 
58.. While cooking tice, if a lid is placed on the pan, rice is 
well-cooked, Why? = 7 À i 
59, "Why do we feel comfort under an electric fan during 


summer ? J 

60,- Why a cold sensation is feeb when few drops of ether is 
poured onthe hand? 9 — [s5 ) 

elting point of ice 


61. "Why increased’ pressure lowers the me 
vat incibases that out T enn 
purst out from a boiling 


62, Why does a strong jet of steam 
Kettle when the gas burner ig switehed off, while no steam 


was visible before ? | ; 
63, Why vegetables etc are not boiled well on the top of the 


bill 
[C] Numerical problems? 0500 0 
64, 3 kg of copper heated to 72°C are placed on a block of 
fice will melt $ Sp. heat of copper is 


ice, How much o j 
.0-1 and lalent heat of fusion of ice is 80 cal/g. [270g] 


a 
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A piece of ice at 0°C and weighing 15 g is dropped into 
85 g of water at 20°C in a copper calorimeter, When all 
the ice melts the temperature falls to 16°C, If the latent 
heat of fusion of ice is 80 cal/g, Calculate the water 
equivalent of the calorimeter, [50 g] 
40 g of ice at — 15°C (sp. heat 0*5) are mixed with 150g of 
water at 90°C, What is the resulting temperature ? 
[45°25°C] 
250 g of copper at 90°C are dropped into a copper calori- 
meter weighing 100 g arid containing 10g of ice and 25g 
of water at 0°C. The specific heat of copper is 0*1 and 
latent heat of fusion ofice 80 cal/g, Find the resulting 
temperature, [207*C] 
A 100 g brass ball is cooled to the temperature of liquid 
airie,, — 190°C and dropped into a calorimeter containing 


water at 0°C, Calculate the mass of ice formed (neglect- 


ing absorption of heat from the calorimeter), The sp heat 
of brass in this range is 0°08 and latent heat of fusion 
of ice is 80 cal/g. [19g] 


A quantity of ice at 0°C is added to 50g water at 
30°C in a calorimeter of water equivalent 10g, The final 
common: temperature is 10°C, . Calculate the mass of ice 
added. Latent heat of fusion of ice is 80 cal/g. [1348] 


A brass ball weighing 10 g and heated to 250°C is put 
inside. a cavity in a block of ice, of which 277 g melt, 1f 
the latent heat of fusion of ice is 80 cal/g, caculate the 
specific heat of brass, [0-09 cal g-#°C"*J 
A metal vessel containing 250 g of water at 30°C is 
placed in a refrigerator which sbstracis heat at the rate of 
275 calories per minute, Calculate the time taken by the 
water to be converted into ice at 0°C, The latent heat of 
fusion of ice is 80 cal/g. The weight of the vessel may be 
neglected, [1 hr, 40 min] 


OM ee ee ae 
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72, 100 g of ‘ice at 0°C are added to 200 g of water at 30°C, 
- What will be the final temperature ? i [0°C] 


73, The latent heat of fusion of sulphur which melts at 113°C 
is 9'cal/g and the sp heat of solid sulphur is 0.17 cal/g°C, 
Find the rise is temperature when 35 g of liquid sulphur 
at its melting point is poured into a. copper calorimeter 
weighing 40 g and containing 100 g of water at 14°C, 
(sp. heat of copper 01 cal/g'C). (8$7C] 
74, A pitcher holds 1 litre of water, We wish to cool it from 


35°C to 10°C, How many 20 g ice-cubes must be added ? 
[10] 


75, À can of water equivalent 100 g contains 500 g of water at 
40°C, Steam at 100°C is allowed to condense in the 
vessel. What quantity of steam is required to raise the 
water to its boiling point 7 Latent heat of steam is 540 
cal/g, | : | [667g] 


76. What quantity of steam at 100°C should be condensed in 


a mixture of 300 g of water and 30 g of ice at 0°C so as to 
Latent heat of fusion 


make the final temperature 30°C? 

of ice'is 80 cal/g and latent heat of steam 540 cal/g. 
" ti J i 

PPP Ss [117 g] 


A calorimeter of which the heat capacity may be neglected, 

contains 1000 g of water at 30°C. It is placed on an 

electric stove, when the temperature of water rises to 

100°C in 10 minutes. Calculate the amount of heat 

absorbed by the water per minute, How long will the 
= water at 100°C take to boil away completely 1 


TI 


(7000 calmin, 771 min] 


78. Bythe evaporation of 25g of ammonia 85g of ice at dur 
are formed from water at 20°C, If the latent heat of fusion 

of ice is 80 cal/g, Calculate (he latent beat of veporization 
sdEiuPum [340 calJg.] 


of ammonia, 


—————————— 
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If 70,000 cal of heat are extracted from 100:g of steam at 
100°C, what will bz the result ? (Latent heat of steam 
540 cal/g, Latent heat of ice=80 cal/g. | 

[75 g of ice and 25 g of water at 0C] 


A copper vessel of water equivalent 60 g contains 600 g 
of water at 30°C.’ A bunsen burner, adjusted to supply 
100 calories per second is used to heat the vessel. Neglect- 
ing all losses calculate (i) the time required to raise the 
water to boiling point and (i) the time required to boil 
away. 50 gof water. (Latent heat of steam=540 cal/g.) 

[462 s, 270 s after (1] 


A mass of ice, 5g in weight, initially at — 20°C is heated till 
it is all converted in to steam at 100°C, 

Calculate the total amount of heat required, assuming the 
Sp. heat of ice to be 0*5, the latent heat of fusion of ice 80 


. cal/g and that of steam 540 cal/g. [3650 cal] 


When steam at 100°C is passed into a mixture of ice and 
water contained in a vessel it is found that l'5g is 
condensed before all the ice is melted and the mixture 
rises to 4°C, How much ice was thereto begin with 7 
(water equivalent of the vessel and water — 50g, Latent 
heat of water=80 cal/g, latent heat of steam—*40 cal/g.) 

[ 9g nearly. ] 


10g of water at 0°C is rapidly evaporated until the 
remaining water freezes to ice, 'Assuming that no heat 
is absorbed from the surroundings, calculate how much 
water evaporates away when the remaining water is all 
frozen. (Latent heat of evaporation of water is 600 cal/g, 
latent heat of ice—80 cal/g. ) [ 12g nearly. ] 


Steam at 100°C is allowed to flow over a piece of ice at 
0°C. After sometime it is found that the amount of 
water formed is 225g. The initial and final mass of ice 
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are 859g and 650g respectively. Find the latent heat of 
vaporisation of steam: - (Latent heat of ice=80 cal/g). 
. [ 540 cal/g. ] 
85, A porous vessel having 100g of water in its pores contains 
500g of water at 25°C, How much water must evaporate 
so that the remaining water should be at 20°C 7 The latent 
heat of vaporisation of water at 25°C is 580 cal/g. [5:178] 
86. A mixture of 250g of water and 200g of ice at 0°C is kept 
in a calorimeter which has a water equivalent of 50g. If 
200g of steam at 100°C is passed through this mixture, 
calculate the final temperature and weight of the contents 
at the calorimeter. (LLT,74) [572:22g of water at 100°C] 


8.. Equal quantities.of hot water and ice were mixed, When 


ice melted the temperature of the mixture was found to 
e of the hot water ? 


be OC, What was the temperatur 
[ 80°C ] 


e'dropped into some water at 20*C. 
“temperature of the mixture is 
15°C, Again 15:6g of ice at 0°C added to the mixture. 


After melting, the temperature of the mixture is brought 


down to/10°C. Find the latent heat of fusion of ice, Find 
heat of ice 0*5 cal/g. 


also the initial mass of, water, SP. 
‘ 268:8g. ] 


(79:4. cal/2. 1 
$9, Density of water and ice at 0°C are lgem=* and 0:916gm~* 
respectively. A piece of metal, weighing 10g is heated to 
90°C and is then. dropped into mixture of water and ice, 


Some ice melts and the volume of the mixture contracts 
perature, ‘Find the 


by 01cm? without any change of tem 
sp. heat of the metal, if the latent heat of fusion of 
ice— 80 cal/g« (1.7, 764), [ 0087] 
90, 10gofa substance was taken in the solid state at —10°C. 
64 calor.es were required to heat it to 2°C (still in the 
solid state) and. 880 and 900 calories were required to 
heat it to the liquid state at 1°C and 3°C respectively. 
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88. 10g of ice at — 80°C ar 
When all ice melts, ‘the 
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Assuming that the sp. heat of the meterial in the solid 
and liquid state has values S; and S, (S, —S,) respectively, 
find their values. Show that the latent heat of fusions 
L is related to the melting point temperature t, by 
Le79--0:2t,. (J.E.E.'82) [08,1] 


The boiling point of water at a lower station is 100°C and 
that at the upper stations is 96°C, the temperature of air 
at the two stations being 14°C and 10°C respectively. 
Density of air at N. T. P. is 1:293x 10-*g cm-?. Find 
the height between the stations, [ 1277 km, ] 


100g cf copper nails are heated to 100°C and are then 
dropped into a calorimeter whose mass is 100g. The 
calorimeter contains 40g cf a mixiure of ice and water. 
If the final temperature is 10°C, find the mass of ice in 
the mixture, Sp. heat of copper=0'09 and latent heat of 
fusion of ice—80 calg-*, (ILT,'62) [48] 


5g of water at 30°C and. 5g of ice at — 20°C are mixed 
togather in.a calorimeter. Find the final temperature of 
the mixture, Water equivalent of the calorimeter is 
negligible, Sp. heat of ice—0:5; Latent heal of ice 
=80 calg7. (LLT. 77), [orc] 
An aluminium container of mass 100g contains 200g of 
ice at — 20°C, Heat is added to the system at the rate of 
100 calories per second, What is the temperature of the 
system after 4 minutes? Sp, heat of aluminium =0 2; 
Sp, heat of ice 0*5; Latent heat of fusion of ice 
=80 calg-!, (LLT.73) [255€] 
An earthen pitcher loses 2g of water per minute due to 
evaporation. If the water equivalent of the pitcher i$ 


O:5kg and the pitcher contairs 9.5 kg of water, calculate 
the time required for the water in the pitcher to cool to 


© 28°C form its original temperature of 26°C, Neglect 


radiations effects, Average latent heat of vaporisation of 
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100. 


101. 


water in this range of temperature =58 cal g-t; (LJ.T.'70) 

[ 34.4 min. ] 
2 g of steam at 106°C is allowed to pass through 55g of 
water.at 10°C, kept in à copper calorimeter of mass 50g. 
The. final. temperature of the mixture is 30°C, Find the 
latent heat . of yaporisations of water. Sp. heat of 
copper=0'1, (J,E.E. '72) [530 cal g~t ] 
How should lkg of water at 5°C be so divided that one 
part of it when vurned into ice at 0°C would by this change 
of state, gives out a quantity of heat just sufficient to 
vapories the other part f (J E.E. ’80) [881:96g, 118:04g.] 
When a piece of metal weighing 48:3g at 107°C was 
immersed in a current of steam at 100°C, 0:762g of steam 
was found to condense. Calculate the sp, beat of metal, 
Assume latent heat of vaporisations. of water as 540 
calg^!.. (LLT. 263) [ 0:095 ] 
7,5g. of copper at 97°C were dropped into liquid oxygen 
at its boiling point (— 183*C) and the oxygen evaporated 


occupied 1/89. litres -at 20°C and. 750mm pressure, 


Calculate the latert heat of vaporization of Oxygen. Sp. 
xygen at NTP, 


heat of copper=0'08 ; Density of © 

=1'429 gi-t, + (Cambridge) s. [5054 cal g^] 
A copper calorimeter’ weighing 100g contains 150g of 
water at 30°C, Pieces of ice which have not been dried 
are dropped in and the final temperature after stirring is 
_5°C, The weight of the calorimeter and its contents is 
then 300g, How much water was put in with the pieces 


of ice? (Take latent heat of ice as 80 cal g^! and the 


specific heat of copper as 01). (Oxford.) [3:125g.] 
In ‘an industrial process- l0kg of wate! per hour is to be 
m at 150°C 


heated from 20°C to 80°C. Todo this, stea 


is passed from a boiler into a copper coil s ioi in 
water, The steam condenses in the coil and 15 returned 
io ihe boiler as water at $0°C, How many KETON et 


———— rt o 
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are required- per hour? (Sp. heat of steam—1 cal/g*C ; 


Latent heat of Steam — 540 cal g~t.) (LLT. 72) — [1 kg] 


A sample of steam initially at 110°C and a piece of ice 
originally at —15°C come to thermal equilibrium with 
water at a temperature of 40°C at normal atmospheric _ 
pressure, Find the ratio of the mass of ice to the mass 
of steam used, Given latent heat of steam=540 cal g*!, 
that of ice—80 cal g^! ; Sp. heat of steam —0 53 and 
that of ice=0°48, [4°73] 
15g of ice at 0°C are put into a calorimeter of mass 100g 
containing 200g of water and the final temperature 
reached is observed. The experiment is then repeated 
with the same masses and'calorimeter and with the water 
at the same initial temperature but with the ice initially 
cooled to — 180°C, The final temperature is theo 6 degree 
celsius lower than before, ‘Neglecting heat exchange 


^ between the calorimeter and its surroundings, calculate 


/. 7404, 


405, 


a value for the mean sp, heat of ice between — 180°C to 
0°C, The sp, heat of copper may be taken as 0,10 
cal-1°Cg-t, (London) [0:5:cal g-t °C-1.] 

In one method for storing 'solar energy, Glauber's salt 
can be allowed to warm up’ to .45^C in the- sun's rays 
during the day and the stored energy is used during the 
night, the salt cooling down to 25°C. Glauber’s salt melts 
at. 32°C, Calculate the mass of the salt needed to store 
105 joules, Sp. heat of solid salt—110 Jkg-:k-!, sp, 
heat of molten salte160 J kg^tk-!, latent heat of fusion 
=1'4x 104 Jkg-2, [59:5kg.] 
20 minuts were required to heat a certain quantity of 
water from 0'C. to the boiling point with an electric 
heater, A: further 1l hr. 48 min, were needed to 
turn all the water into steam. under the same condition. 
Determine from theng data the latent heat of vaporisation 


1o of water, ; į [540 cal g7*-] 
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| 106. Heat is supplied to 50.g of a solid at the rate of 5 cal/s. 
and the temperature of the solid rises 11°C/min, After a 
time the temperature remains steady for 13 min and then 
begins to rise 6;C|min. Calculate the sp heat of the 
substance. in. the solidand liquid state and its latent heat 
of fusion, [0 545, 1,78 cal g7.] 


107. A certain amount of ice is supplied heat at a constant rate 
for 7 minutes. For the first 1 minute, the temperature 
rises unifoimly with time, then if remains constant for 
the next 4 minutes and again rises at a uniform rate for the 
last 2 minutes; ‘Explain physically these observations and 


calculate the final temperature. (J.E.E. *75) [40°C] 


108, 800 g of ice is found to melt when 100 g of steam at 100°C 


is condensed in an ice cavity at 0°C. Further it is found 


that when a copper ball of 150 g at 500°C is dropped in 
the ice cavity it melts 95 g of ice. 1f the sp heat of copper 
é the sp. latent heat of ice and steam. 
[332 x 104 Jke- 223:6 x 104 Jkg7!.] 
oa mixture of oil and 


—420 Jkg- t, calculat 


109, 20 g ofice at 0'C are dropped int 
and are just melted in cooling the mixture 


water at 30°C 
he total weight of 


to 0°C. 1f the sp, heat of oil is 0:6 and t 
| the liquid at the end of the experiment is 85 g, 


find, the 


the original mixture. 


quantities of oil and water in 
[292g oil and 35:8 g water.] 


g of ether is immersed in a beaker 
d by melting ice, When whole 


(^C is blown through the ether 
of ice formed round 


110. A test tube containing 3 
of water which is surrounde 
is at 0°C, a stream of air at 
until-it has all evaporated, The cap 
the test tube has a mass of 314g, Find the latent heat 


of vaporisation of ether, < Latent heat of fusion. of ice= 
[83773 cal g7'] 


80 cal gu}. (Oxford) 
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1V-8  ( Hygrometry ) 


Essay type questions è 


Define dew point and relative humidity, How is the later 
expressed p Distinguish between relative’ and absolute 
humidity. 

Describe Regnaulis hygrometer for measuring dew point, 


; How would you determine humidity with its help ? 


What is vapour pressure? How would you show that 
(i) a liquid can exert a maximum vapour pressure at a given 
‘temperature, (ii) this maximum value increases with rise 
of temperature, and (iii) different liquids have different 
vapour pressures at the same temperature 7 

Explain how dew and frog are formed. 

Short answers type questions : 

The bulb of a thermometer is wrapped round with cotton, 
which is wetted in turn with (i) water, (ii) ether, (iii) oil. 
‘How will the readings differ and why ? 

Explain why on ahot summer day immediately after a 
rain, a block of ice on a cart appear to steam copiously. 
What becomes of the steam which a boiling kettle dis- 
charges into a room 7 

A piece of glass is dimmed when you blow on it with your 
month on a winter morning, but not on a summer noon. 
Explain. 

Why is summer heat often oppressive before a shower ? 
What kind of weather would you expectto find when the 
dew point and the air temperature are the same ? 

Why does warm moist air cause more discomfort than 
warmer dry air ? 

What would ‘be the effect on the readings of a barometer 
if (i) little air, (ii) a little water, were left in the Torricel- 
lian vacuum? How would you detect whether it was ait 
or water ? 
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13. 


14, 


15, 
16. 


27. 


What is meant by the statement.—The aquous tension at 
20°C is 17.5 mm. ) 

The relative humidity of an atmosphere is 60% —Explain 
the statement. j 

‘The dew-point-on a certain day is 19,5°C’—Explain. 
Explain what effect, if any, there will be on the dew point 
and humidity if (i) a quantiiy of water is gradually 
sprinkled in the room, (iii) the temperature of the 
atmosphere in the room is raised. 

Mention the difference between a saturated and unsaturated 
vapour. i 

Is it possible for the dew point to go below 0*C Explain 
with reasons, iy 
Under what condition, will the room temperature be equal 
to the dew point ? 

Dews are found to deposit sometimes on the outer surface 
and sometimes on the inner surface of a window glass 
pane. Under what conditions such formation of dews 
may occur ? f 

When is dew point not found 7 

Delhi is more comfortable than puri on an equally hot 
day. Explain why ? ig 

Why is wet clothes usually dry UP quicker in winter than 
in rainy season although the temperature in winter much 
less ? ps 

Which one is necessary for weather forecasting—relative 
humidity or absolute humidity f$. ^ 

Cloudiess nights help better deposition of dews than cloudy 
night—Explain. . NE TOR C SMS f 

The temperature of the two rooms are equal but the 
relative humidity are different, Which room will appear 
more comfortable f ; } 

Why do dews accumulate on the outer surface of a glass 
vessel when ice water is poured in it? 


———— — 


(e 


36, 


31. 


38. 


39. 


. When humidity lies within a definite range we fell comfor- 


Jn aclosed room if the temprature is increased what 


HEAT 


Why do dews forsa on some substance than other ? 
What are the factors responsible for copions deposition: 
of dews ? 

What is the saturated vapour pressure of water at 100°C ? 
Why is dew formed more on the grass than on the tree 


leaves at night ? 


table—Explain why 7 
Why we apply glycerine on the lips during winter ¢ 


happens to (i) the dew point, (ii) relative bumidity 7 
Numerical problems : 
Find the relative humidity when the room temperature is 
40°C. and the dew point 30°C, S.V P. of water at 40°C and 
30°C are respectively 5.53 cm and 3,18 cm. [54%] 
The temperature in a closed room is observed to be 15°C 
and the dew point is 8'C. If the tem perature falls to 10°C 
how will the dew point be affected ? (S.V.P, at TC and 
8C are respectively 7.49 mm and 8.00 mm of Hg. 
; [Lower by 0,25°C| 
Calculate the mass of 7.5 litre of most air at 27°C, given 
that the dew point is 15°C: and the barometric height 
76.215 cm. Calculate also the humidity of air. S.V.PP 
of water at 27'C and 15°C are 25.5 mm and 1275 mm 


. respectively. [8.9g, 05] 


Calculate the dew point when the air is 2/3 saturated. with 
water vapour, the temperature being 15°C, given that for 
the pressure of 7,9,11,13 mm Hg, the corresponding boil- 
ing points of water are 6°C, 10°C, 13°C and 15°C 
respectively. i (9.3°C] 
Calculate the temperature at which dew will be deposited 
when the hygrometric state of the air is 20°C and relative 
humidity is 539, The S,V.P. at 20°C, 10°C and 9°C are 
repectively 17'5,.9°2 and 8.6 mmof Hg. [10.1 C] 


Ru a ein 
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40: The pressure of a saturated vapour at 21°C, 22°C and 30°C 
"are respectively 18.6 mm, 19.1 mm and 31.7 mm of Hg. 

If the temperature of air is 30°C and the dew point is 
21.5°C, find the relative humidityef air. [60.69] 


41, The temperature of air on à certain day is 23°C and the 
relative humidity is 50%. What fraction of thé mass of 
| water vapour in air would condense, if the temperature 
falls to 10°C 7 (S.V.P. at 34*C-221.1 mm and at 10°C 
=9,2 mm, ) [0.23] 


42,. Tf 200, g of water are collected to evaporate in a room 
containing 50 m? of dry air at 30°C and 760 mm of Hg 


pressure, what will be the relative humidity ofthe air in 
the room ?.. (S. V.P. at 30°C is 31.6 mm.) (0.13] 


43, The relative humidity in a closed room at 15°C is 60%. 
If the temperature rises to 20°C, what, will be the relative 
humidity then? On what assumptions is your calculation 
based 7 S.V.P. at 15:C—12:67 mm Hg and at 20°C= 
17.36 mm Hg. (45%) 


: 


44.. A closed room. of volume 125 Mi" is filled with air at 
27°C. f the relative humidity. falls from 90% to 40% 
find the mass of water vapour condensed. (S.V.P at 
27C=26.7 mm Hg. and R-83x107 erg/deg/mole, 
Molecular weight = 18.) j (ELT. 770) [1286 gl 

45; A vessel of water is put in a dry sealed room of volume 
16m? at a temperature; of 17°C. The saturated vapour 
pressure of water at 17*C is 15 mm of Hg. How much 
water will evaporate before the water is in equilibrium 
with its vapour ? i (r1. T. 198) (1.135 kg] 

46. ^A flask is completely filled with 1 g of saturated steam at 

>| 100°C, How much water will condense into water if the 
temperature of the flask is reduced to 25°C (Aqueous 

~. tension at 25°C=30 mm Hg.) (IEE. 81) (0.96 g] 
16 
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Calculate the mass of 1 litre of moist air at 27°C when. the 
barometer reads 753:6 mm of Hg and the dew point is 
16.PC, (S,V.P. at 16:1°C=13°6 mm Hg; the density of 
air at N,T.P.—0.001293 g cm-?, that of saturated water 
vapour at N.T,P. —0.000808 g cm-?.) (LET, ’77) [1.159 g] 


A jar contains a gas and a few drops of water at T°K. The 
pressure in the jar is 830 mm Hg. The temperature of the 
jar is reduced by 1%, The saturated vapour pressures of 
of water at the two temperatures are 30 and 25 mm Hg. 
Calculate the new pressure in the jar. 
(LIT, '81) [817 mm Hg] 
Air at 30°C and 90% relative humidity is drown into an 
air conditioning unit and cooled to 20°C, the relative 
humidity being reduced to 50%. How many gram of 
water vapour must be removed by the air conditioner 
from a cubic metre of air? Neglect the change of volume 
of air, Given density of saturated vapour in air at 30°C 
is 30 g m7? and at 20°C is 17 g m-3, (J E.E. ^72) [18.79 g] 
A capillary tube of uniform bore has some air entrapped 
‘by a water index. When the atmospheric pressure is 76.25 
eni. and the temperature is 20°C, the air-column is 15'6 
em long. | With the tube immersed in water at 50°C, it was 
19.1 cm long the atmospheric pressure remaining the same, 
If the S V;P. of water at 20°C is 17,5 mm, deduce its value 
at 50°C, ' [9.17 cm Hg] 


A closed vessel of constant volume contains a mixture of 
air and water vapour; 'The air and water vapour exett 
pressure of 5 KN/m? and)'1;50| KN/m? respectively 3t 
20°C, Determine the temperature at which the water 
vapour becomes saturated as the temperature is gradually 
reduced to 0°C, S. V.P. of water at 0°, 5°, 10°,.15° and 20°C 
are respectively 0.61, 0,86, 1,21, 1.70 and 2,33 KN/m? 
respectively, Hem Tit ; (12 5°C}. 
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IV-9  ( Transfer of heat ) 


Essay tyre questions $ 


Illustrate with suitable examples the different methods of 
transfer of heat. Bring out clearly the difference between 


them, 
How would you show that different substances have 


diffierent conductivities ? 

Describe briefly and explain the actions of (a) a practical 
appliance where use is made of the good conducting power 
of a material, (b) an appliance where a bad thermal 
conductor is employed, 

Define thermal conductivity of a substance, Explain 
whether the establishment of steady state is essential for 
this definition to, be applicable, What is the unit of thermal 
conductivity in C,G.S. and FPS, systems ? 

Draw a sketch of Davy’s safety lamp. Explain the use of 
wire gauze surrounding the flame. 

What is a convection current? Give three examples of 
convection currents where they are made to serve some 
useful purpose. $ , 

Distinguish between conduction and convection, 

State Stefan’s law, Write a short note on it, stating any 
use that you know of it. 
When Stefan’s law is used for measuring the temperature 
of a molten metal is an open crucible, do we get the 
correct temperature of the metal ? Give reasons for your 


answer, 


Short answer type questions + 
Hot water is placed in two identical jugs, one with a 
polished white surface, and the other with black surface. 


‘Which one will ‘cool more quickly ond whyt 
Clouds prevent loss of heat by rádiation from the earth's 


o 


15, 
' surrounding, it is placed on cork tips ( or suspended | 


16. 


17. 


18. 


ds silvered and (iii) Why the month of the flask is clot 
. by acork stopper pi 7 


' winter sleep, | Explain why ? 
' Explain why do bird. puff their feathers out on a 


| the water is heated ; but the thermometer hardly .8 


surface, | How, does. presence of night clouds affe 
formation of mist and fog ? a 
The squirrel wraps its brushy tail round its body cui 


day. š 

A hen, wishing to sit on eggs hatch out chicks, 
feathers from her breast; Why? ! 
A house with a-straw/roof keeps cool in summer all 
warm in winter—why ? i 
The bulb of à delicate thermometer is immersed at a s i 1 
depth below the surface of water. The upper surface | j 


any temperature rise. On heating the water from belo Of 
the thermometer shows an gne rise. Explain Wi 
reasons, — d LA B 1 
A gas-filled electric edid feels hotter than an evacua 
lamp when lit. Why 7 


To minimise transfer of heat between a calorimeter and” 


Silk or cotton threads ) inside an enclosure. Also, | 
surface is polished and silvered. 
' Briefly explain how all these mininise the tranference 4 
heat, 
Explain why a thermometer with its bulb covered by so 
when kept in the sun, yy med a higher temperature h 
an ordinary one, : 


Why the flame of a bunsen burner cannot get throught 
piece of wire gauge placed upon. itt. b 
(i) Why the space between the double walls of a the m 


flask is evacuated ? Why the inner surface of. these 
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23; 
24. 


25. 


35. 


What is meant by the statement that the thermal conduc- 
tivity of glass is 0,002 C.G.S, unit 7 j 

What are your arguments in favour of the conclusion that 
radiant heat is but invisible light ? 

When a piece of metal cooled much lower than 0°C is 
touched, a sensation of scorching is produced. Why ? 
Why are cooking utensils usually made of metal 7 

Why are metal fins attached to a motor car radiator ? 

On a hot day the surface water of a pond is warmer than 
the ‘water below, but on a day when it is nearly freezing, 
surface of the water is colder, Why 7 

Why does human body remains warm on cold day and a 
lump of ice remains cold on a hot day if each is wrapped 
in a blanket ? 

A stone floor feels cold in the winter, but when a carpet 
is laid we feel warm, Why ? 

Why does a greenhouse keep hot in winter 7 

If you touch a piece of iron and a piece of wood lying 
exposed to the heat of sun, which feels hotter and why ? 
Why are woollen garments called warm f 

Why is the handle of a kattle wrapped with cane 7 

Which will give you comfort in winter—one thick shirt or 
two of half the thickness, the material being the same f 
What should be the nature of the bottom of a cooking 
vessel ? ain. 

A wooden rod can be held at one end for a pretty long 
time with the other end pushed into a fire but an iron rod 
similarly placed cannot be held for a long time. Why? 
You have taken a very fine powder of chalk in one hand 
and a course powder in other, If you exchange hot 
metal ball from one hand to other, which hand will feel 


warmer ? 
‘Why is it hotter the same distance over the top of a fire 


than it is in front 7 


99i 


40, 


41, 
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45, 


[C] 
46. 
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Black clothes are prefered in winter. Why ? 
Why is the umbrella cloth usually black ? 
Two rods of different material are of equal length and of r 
crosssection A, and Ay, If the temperatures at the two E 
ends of each rod are 0, and 69, find. the condition so 
that the rate of heat flow be equal. 1 
At what temperature would. a block of wood and a block 
of matal. feel equally cold or equally hot when touched ? 
(ALT. 76) 
Explain why felt rather than air is used for thermal insula- 
tion even though the thermal conductivity ofair is less | 
than that of felt ? t yw LL T. 8) 
Heat is generated continuously in an electric-heater but 
its temperature becomes constant after-some time, Why? — 
In a desert, it is too hot during day time and too cold E 
during night, Explain, actiwcdast ew om 
Two thermometers are constructed in the same way except | E 
that ont has a spherical buib and the other an elongated q 
cylindrical bulb, Which one will respond quickly to — 
temperature changes ? AUT of GET, 75) 
Why. do we feel maximum hot inside.a room a few hours 3 
after the maximum temperature outside ? 
‘Good emitters one good absorbers and bad emitters are — 
bad absorbers’—Discuss the statement. if 


Numerical Problems : 


Binium pan is placed ona fire for water to boil in 


of thi&'side facing the fire, given that 1 gof water vaporizes 
in 2 minutes per cm? area of the bottom. (K for Al-05 
cgs unit, Latent heat of steam —540 cal g-!.) - n 

{101°C nearly] - 
The metal plate of a boiler is 1.5 cm thick. Find the 4 
difference in temperature between its faces if 32 kg of A 


bottom is 1 mm thick what is the temperature — | 


241 


EXEROISES 


48. 


49. 


50., 


Sho 


52 


.W-of copper and steel are 
^01! gespetively. The surface o 


| 100°C and 30°C and in 1 second 
,from one. surface to the other, 
, ductivity of iron? (H. 


«are;dg, k, and that of y are day kg. If 0, 


»Jength 125 cm are joined to 


water are evaporated from the boiler per m? per hour. 
(Latent heat of steam e 540 cal g~t, K of boiler plate==0°15 
cgs unit). px Vs [48 C] 
The inside of a glass window, 2 mm thick and 1m? in 
area, is at a temperature of 15°C and the outside is at 
5°C. Calculate the rate at which heat is escaping per hour 


from the room by conduction through the glass. 
dpi | o 7 [T2X10* cal] 

A rod of metal of thermal conductivity 0'9 is 31:41 cm 
long and 4 cm in diameter. One of its ends is kept 
exposed to steam at 100°C and the other in contact with 
a block of ice at 0°C, How. much ice will melt per minute 
in a steady state ? aor ie, (27 BJ 
An iron plate is 1 mm broad and its area is 150 cm?. 
‘The two opposite surfaces of the plate are at temperature 
3940 calories of heat flow 


What is the thermal con- 
S. °83) : (0:15 cgs unit.] 


A:composite slab is made of two material x and y. of eqal 
al conductivity of x 


area, The thickness and the therm: 
and g, be the 


free surfaces of the composite slab, 


temperature of the 
then show that the composite slab may be.replaced by a 


single material. whose thermal. conductivity 
: ky ka (ds +52) and the temperature of the interface i 
kd, +k 49 


gk ands L 
0 k,d,-FK.dg 


A bar of copper of length 


15 cm and a bar of steel o 
gather end to end, Both are 
ha diameter 2 cm, The free end 
maintained at 100°C and 0°C 
f the bars are thermally insula- 


circular cross-Section wit 


o OUI NUR NNNM te nt 
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ted. What is the temperature of the copper-steel junction ? 
. Thermal conductivity of copper-9:2 x 1072k. cal/m/°C/S 


and that of steel= 1:1 x 107? k cal/m/°C/S, (LLT, 77) 
[93:37C, 0:258 cal s71] 


53, UN uniform copper bar, 50 em long, is lagged and has its 


ends exposed to ice and steam respectively, If there is a 
layer of water 0'1 mm thick at each end, calculate the 


; temperature gradient in the bar and the temperature of 


the two ends of the bar. Thermal conductivities of copper 
and water are 1:04 and 0:0014 cgs units respectively. 
(Combridge) [1:542/CJem, 11-46°C, 88:54°C] 


54, Three rods of equal length L cm and equal areas of cross- 


I 
* "a 


Section S cm? are joined in series. The thermal conduc- 
tivities of the materials are k, 2 k and 1.5 k cgs unit. If 
the open end of the first and last rods are at 200°C and. 

18°C, calculate the temperature at the two junctions and 
_ rate of flow of heat through the system neglecting radiation 
“Losses. (Rajasthan TS). [74°C, 11°6C, 84 ks]L] 


Raga! _ Calculate approximately the heat passing per hour through 


' the walls and windows of à toom 5 by 5 by 5 metre, if 
the walls are of bricks of thickness 30 cm and have 
‘windows of glass.3 mm thick and total area 5 m2, The 


“temperature of the room is 30°C below that of the “outside 


and the thermal conductivity of the bricks and of the glass 
are respectively 12 x 10-4 and 25 x 10-4 cgs unit, (Agra) 
[49:104 x 107* cal] 


56, A boiler is made of a copper plate 2 4 mm. thick coated 


inside with a layer of tin 0:2 mm thick, Surface area 
exposed to hot gases at 700°C is 100 cm3, Calculate the 
maximum amount of steam that could be raised per hour 
at atmospheric pressure, Conductivities of copper and 
tin are 0.9 and 0,15 cgs unit respectively ; Latent heat 
of steam at normal pressure is 540. cal gut. (A-M.LE) 

. [108 g] 
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57, The temperature gradient in the earth’s crust is 42°C per 
km. and the mean conductivity of the rocks is 0008 cgs. 
unit, Taking, the radius of the earth as 6000 km, 
calculate the daily Joss of heat by the earth, (Gujrat 

; Univ.) [1:009 x 102° cal.] 

58. A Slab of.compressed cork 5 cm thick and 2m? area has 
a. heating coil at one face, A current of 1:18 amp at 20 
volt passes in the coil, The face of the slab attain steady 
temperature of 125°C and 0°C. Assuming that the whole 
of the heat developed in the coil is conducted through the 
slab, calculate the conductivity ofcork, (Punjab Univ.) 

[112x 107* cgs unit.] 

59. An ice box built of wood 1.75 cm thick, lined with cork 
3 cm thick. . If the temperature of the inner surface of the 
cork is 0°C and that of the outer surface of wood 12°C, 
what is the temperature of the interface ? Thermal con- 
ductivity of wood=0'0006 and that of corke0:000012 
cgs unit, [10:75*C] 

60, A person has covered his body with a flanne! shirt 4 mm 
thick, Ifthe outside temperature and body temperature 
be 27°C and 98°6°F, how much heat will he lose per hour 
per m3, of his body ? Thermal conductivity of flannel= 
000012 cgs unit. (J.E.E, 74) [101 x 10* cal.) 

61. Assume that the thermal conductivity of copper is four 
times that of brass Two rods of copper and brass 
having the same length and cross-section are joined end to 


end, The free end of the copper rod is kept at OC and 
free end of the brass rod is kept at 100°C, Calculate the 
temperature of the junction of the two rods at equilibrium. 
| Neglect radiation loss. (LIT, '70) [20°C] 
52. A closed cubical box made of à perfectly insulating 
material has walls of thickness 8 cm and the only, way for | 
heat to enter or leave the box is through two solid 


cylindrical metallic plugs, each of cross-sectional area 12 


BE —RÁ 


cm? and length 8 cm fixed in the opposite walls of the 
box, The outer surface A of one plug is kept at 100°C 
while the outer surface B of the other plug is maintained 
at 4'C. The conductivity of A and B is 0:5 cgs unit, 
A’source of energy generating 36 cal s-! is enclosed inside 
the box. Find the equilibrium temperature of the inner 
surface of the box assuming that it is the same at all points 
on the inner surface, (LIT, *72) [76°C] 


63. A copper block consisting a resistance coil is suspended in 
.. vacuum by two wires 20 cm long and 1-0 mm in diameter, 
To maintain the temperature of the block at 40°C above 

“the other end of the suspension, a power of 0'084 watt 
must be dissipated in the coil. Calculate the co-efficient 

_ €f thermal conductivity of the material of the suspension 
Wire. Neglect the energy transferred by radiations. 
(Cambridge) - So [06366 cgs unit] 


64. A copper calorimeter with a copper heating element fitted 
. inside weighs 300 g, itis filled to a certain mark with 
.200 g ofaliquid, With Al watt electrical input to the 
_ heater, the temperature rises from 20°C to 45°C in 10 

minutes. When 140g of the liquid is replaced by 1250 
I8 of copper rivets such that the liquid level remains the 
same and the calorimeter heater is Supplied with the same 
electrical input as before, the temperature rises from 20°C 
to 45°C in 9 minute 5 second, It is found steady tem- 
perature of 45*C can be maintained in either case with an 
electrical input of 2 watt. The room temperature 
remaining constant at 20°C throughout the experiments, 
Calculate the specific heats of (i), copper and (ii) the 
. liquid, (ELE. *80) (07095, 1:0] 

65. Calculate the maximum amount of heat which may be . 
` lost per second by radiation by a sphere 10 cm in 
diameter at a temperature of 227°C, when placed in an 
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enclosure at 27°C, (Stefans constant ce5:7 x 10712 watt 
em-^? *G^*), (Allahabac). [52.02 cal's7!.] 
66. How; much faster does a cup of tea cool one degree from 
100°C than from 30°C ina room at 20°C p [11:2 times] 
67. Luminosity) of Rigel Star in Orion consteuation is 17,000 
times that of our sun, Ifthe surface temperature of the 
sun. is '6000°K, calculate the temperature of the Star. 
: ©) «(Punjab Univ.) [68520°K] 
68, If each cm? of the sun's surface radiates energy at the rate 
of 1.5.x 108 cal 9-1 cm72 and Stefan’s constant is 5'7 x 
10-5.erg s7* cm7? degree absolute-*, calculate the tem- 


perature of the sun’s surface in degree celsius, assuming 

that Stefan's law applies to the radiation. (London late) 

m ;[5392*Cj 

69. A black body with an initial temperature of 300°C is 
allowed to cool inside an evacuated enclosure surrounded 

by melting ice at the rate of 035°C per second. If the 
mass, sp. heat and surface area of the body are 32g, 0:10 

and 8 cm? respectively, calculate the Stefan's constant. 
[57 x 10** erg cm"? $7! degree-*] 


70, Estimate the value of the Stefan’s constant if the tempera- 
gsten lamp is 2170°C 


ture’Of the filament of a 40 watt tun 

and the effective surface area of the filament is 0*66 cm? 

You are to assume that the energy radiated is 0,31 of that 

from a black body in similar conditions and that any effect 

‘due to radiation from the glass envelope is negligible. 
(London Univ.) [5:497 x 10-8 erg cm“ s"! k~‘) 


IV-10 (Heat and Work) n 


[A] Essay type questions : T ! 

1.. What arguments would you offer to show that heat i$ à | 
form of energy? What is your idea of the nature of — 
heat f, soil. stv T aut TERE 07 


yi Ft 
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Explain the term mechanical equivalent of heat, “Describe 
Joule's experiment for the determination of this quantity, 
How much is a calorie equivalent to in erg ọ 

When heat is added to a body a part of it will increase 
the internal energy of the body and a part may do external 
work. Express the result in mathematical symbols, 
explaining what the positive or negative sign of a symbol 
would mean, Illustrate the equation with an example, 
Explain what is meant by the first law of thermodynamics, 


Explain what you understand by (i) isothermal expansions, 
(ii) adiabatic expansion of a gas, How can adiabatic 
expansion be practically realized ? 

Define the specific: heat ofa gas at constant pressure (c,) 


- and that at constant volume (c,) Explain why they are 


different.: Which is bigger and why ? 


i Short answer typa questions ; - 
‘Heat is energy in transit due to temperature difference — - 


„comment, j 
‘The joule can Serve as the unit of heat ; it is unnecessary 


_ to introduce the calorie’—comment, 
` What do you mean by the statement that the mechanical 


equivalent of heat is 4:2 joule/cal 2 

Sparks are produced when cutleries are Sharpened. Where 
does the heat come from Zi 
Give two examples where me 
into heat, " 

What is meant by the internal energy of a gas? 

Why th 

y lere age, two Sp. heats of gases p 

What is the importance of Tatio of two sp. heats of à 
gas ? 
Isothermal change is essentially a very slow process but 
adiabatic change is essentially a very fast one—Explain. 
Why rubbing generate heat > E 


chanical energy is converted 
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If you hammér a body; it gets heateó —Why ? - 

Why the rushing air froma bursting tyre cold ? 

There is a difference of temperature of water at the top: 
and at the bottom of a waterfall. Why this differnce ? 
When air is is into a wal the’ Pup is heated. 
Why ? 


Numerical Pxoblema ve.) BERS 


dw a ‘determination of Joule's constant two 10 kg weight 
are allowed to fall 20: ‘times through. a height of 3 m. This 
iricteases the temperature of the calorimeter by 0°4°C, the 
water equivalent of the calorimeter and its contents being. 
7 kg, Calculate the value of J from these data. 

Sift pow 10* erg cal *j 


! From what height must 100 g of copper (sp. ‘heat==0:1) fall 


so that itstemperature may tise by 1°C 7’ Assume that 
i the energy is retained by the copper. J42] cal~* 
xe rr] ona yop fus QV) quia ove About 43 m]! 
A glass tube, 1 mim long, is closed at both “ends, It contains 
250 °g of lead shots and’I litre of water. "Phe tube is set up 
vertically and is then suddealy inverted, How many times. 
must this be done so that the temperatute of the water may 
rise by 1°C. ignore effects due to buoyancy of lead shots 
and the heat that igi into the lead d ‘the | glass. 
tube. o » [1723 times] 
A lead shot hits a rigid target w ciii in temperature: 
by 200°C, 1t the. entire energy is retained by the shot 
what was its d ? sp. heat E OIEKIN 
t. 15.193915 pod vn [224:5 ms] 
A body bites 10 "n aes froma height of ] km. 
If its potential energy. is. fully converted jinto. heat, how 
many gene will be generated ? Je421 cali, / 
side: dum 23 1 . [2:33 x 104cal J, 


Tree a 


248 


26, 


27, 


28. 


30. 


31 


32, 


BEAT 


A lead shot moving with a speed of 336 ms-: hitsa 
target, If 75% of the ‘kinetic energy is converted into 
heat in the shot, what will be its temperature rise js 
4:2x 107 erg cal-1, sp, heat of lead —0:03. [336 C ] 
In an experiment for determining J,a card board tube, 
l m long and containing 800 g of lead shots, is inverted 
50 times, The temperature of the shots is found to have 
increased by 28,84 C^. sp. heat of lead is 0:031 and g —980 
cm s^?. Assuming that the heat generated has been fully 
retained by the shots, calculate the value of J, 
[ 4.12x 107erg cal-!] 
A water fall is 300 m high. If 50%, of the potential energy 
is converted into heat and retained by the water, what is 
the temperature difference between the water at the top 
and the bottom. J=4-2 J cal-1 [058€] 
Calculate the change in the internal energy when 5 g of air 
are heated from 0°C to 2°C, the sp. heat of air at constant 
volume being 0-172 cal g-1*C-, (Agra) [7:19 x 107 erg] 
One gram of water (1 cm3) becomes 1671 cm? of steam 
when boiled at a pressure of one atmosphere, The latent 
heat of vaporization at this pressure is 540 cal g71, 
Compute the external work and the. increase in internal 
energy. i [ 41 cal, 499 cal ] 
An electric drill rated at 240 V, 1*5 A is-used to drill a hole 
in a piece of iron weighing 200 g, Assuming: that 75%, 
of the total energy heats the iron, calculate the rise in 
temperature in 15 second, Sp, heat capacity of iron — 0:47 
X10? J kg-1deg C-1 A f [ 44°C J 
A fire hose with an outlet diameter of 4 cm delivers one 
cubic meter of water in 16 seconds, The jet is directed 
against a rigid wall. Calculate the rise in temperature of 
the water assuming that allthe kinetic energy of the jet is 


‘converted into heat which is retained in the water. Density 


cn amu 
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BXBROISES 
pacity of water = 4'2 


of water=-1000kg m-*, sp, heat ca 
[029'€ ] 


x 10?J/kg deg C. 
33. A man rapidly ascends a flight of stairs spending half of 
his energy in the ascent, the remaining half transformed 
into heat energy. If the man ascends through 60:96 m, 
find the increase of his body temperature. The sp-heat 
of the man máy be taken to be equal to that of water, 
[0.071°C ] 
34. A 200 ton train has its speed reduced from 30 to 20 mph 
in 30 second, It the work done is completely transformed 


into heat, find the amount of heat produced, 
[967723 B Th U] 


* 


35, Calculute the value ofJ, if the sp. heat capacity of air 
at constant pressure is 0:239 and the density of air at 
N. T, P. is 0:0013 gI-!. Given y 21.40. 
[47198 x 107 erg cal-1] 
36. Calculate the sp. heat capacity of air at constant volume 
given that the sp. heat capacity at constant pressure 
is 0:23, density of air at N, T. P, is 1:293 g 1-1 and J——4-2 
x10 * erg cal-!. 
37, If the two sp. heat capacities ofa gas C, and C, are 
respectively 0:2375 and 0:1690 cal, calculate the value of 
j. Given that 1 cm? of the gas at N. T. P, weighs 
0:00129 g and the atmospheric pressure 1.013 x 106 dyn 
j [4719 x 107erg cal-1] 


38. The sp. heat of argon at constant pressure is 0-12 ang 
the sp. heat at constant volume is 0°08. Find the g ensity of 


argon at N. T. P, Given J= 42% 107 erg cal^*and normal 


atmospheric pressure=1 01 x10*dyn cm~? 
[22x 10-8 


cm^?, 


8 cm-3] 
39, The volume of a certain gas, having & density of 0.00125 


g cm-? under a pressure of 1 atmosphere ang Vom 


7 a AN 


"ERAT 


temperature of 0°C, is 8 litre, 30 calories of heat are 


"required to raise the temperature of this gas to 15°C at 


constant pressure. Find the sp, heat of the gas at 
constant pressure and also at constant volume, (R = 2calf'C 
mole) (J.E.E,81) [ 5.6 and 3:6 cal/*C mole ] 
A: gasis compressed from a volume of 20 litre to 10 litre 


, by a constant pressure of 10° dyn per cm2, Calculate the 


heat developed, (J.E.E’82) [ 20:4 x 108cal ] 
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1978 
PHYSICS ( First Paper ) 

Answer any seven questions, of which atleast three must be 
from each group. 

Group—A 

1 (a) State Newton's second law of motion. Show how this 
law will give us a unit of force when the unit of mass is 1 kg and 
the unit of acceleration is 1 m/s*. What is the name of this unit 
of force ? 

(b) Express the weight of 1 kg in the MKS unit of force. 

(c) A train is moving along a straight track. Explain what 
would be the nature of its velocity time graph in the following’ 
cases— i 

(i) It is moving with a uniform acceleration. 

(i) Its acceleration is increasing. 6+2+2 

2, (a) Define kinetic energy. Obtain an expression for it in 
the case of a particle of mass m moving with a velocity v. 

(b) A body of mass 100g is let loose from a tower 100m high., 
Calculate the kinetic energy of the body (i) one second after 
release and (ii) when at the bottom of the tower. i 

(c) A man rises in a lift carrying a bucket of water. 
Explain :— ; XD, 

(i) if any work is done by the man on the bucket of water _ 

(ii) ifthe energy of the bucket of water would, remain 
unaltered. 44442. 

3. (a) Explain what is meant by centripetal and centrifugal 
forces. 

(b) Find an expression for the centripetal force. 

(c A cyclist is describing a circle of 20m radius at a speed 
of 18 km. per hour. What is his inclination to the vertical? 
(Assume the rider and the cycle to be in one plane ) 24-44-A 

(a) What is meant by elasticity of matter and elastic limit,?, 
Define and explain the different types of modulus of elasticity. 


, Mire find the length of the wire 
nik i102 6+4 
do you mean by a second’s pendulum ? Calculate 


following cases .— 

y bob is taken instead of a solid bob. 

w bob is partially filled with water. 

ulum is taken to the top of a mountain. 

il satellite revolves around the earth in a circular 
[400 km above earth’s surface. Assuming 
Tbe 6000 km and value of g at earth’s surface to 
alculate the velocity of the satellite. 343-4 
m a lump of iron (sp. gr. 7 8) sinks in water 
y (sp. gr. 13.6) ? State the principle you will 
lanation. ; 

the fraction. of the total volume of the iron 
be under the mercury surface when floating 


Pascal's law in relation to the transmission of pressure 
m à 44+4+2 


cetain place the atmospheric pressure is equal to 
f mercury” What do you understand by the above 
Calculate the atmospheric pressure in C£ s. units. - 


GEM of mercury —13.6 gm/c.c« ) 
ork 344+ 


3 


[Ue A steel scale is correct at 60°F.» The length of a brass 
rod measured by it at 50°C is found tobe 15m. Find out the 
true length of the rod at 50°C (linear expansion co-efficient of 
steel=11°2 x 1079 per'C ) 2+4+4 
8. (a) Explain what is meant by apparent and real expansion 
fa liquid. Which co-efficient of a liquid is determined by a 
weight thermometer ? 

(b) Describe the method. 

(c) How does fish live in a frozen lake f 445-41 
Or, (a) What do you mean by ‘natural vibration’ and “forced 
ibration' ? (b) Distinguish between ‘forced vibration’ and 
resonance, (c) Why orders are given to soldiers to break steps 
while crossing a suspension bridge? (d) What is the utility 
f the hollow box of a violin ? 24-44-2472 
9, (a) What do you understand by the thermal capacity 


the body ? Edo vc 
(b) An alloy contains 60% copper and 40% nickel. A piece 
of the alloy weighing 50g is heated to 80°C and is dropped into a 
calorimeter of water equivalent 10g. The calorimeter contained 
Og of water at 10°C, Find the final temperature of the mixture, 
(Sp. ht. of copper=0'09 and sp. ht. of nickel=0°11) 
| (c) What part does the specific heat of water play in causing 
the sea-breeze ? 3+5+2 
10. (a) Explain why the specific heat of a gas at constant | 
Pressure is greater than that at constant volume. 
= (b) ‘A tube of heat insulating material, closed at both ends, 
“contains 800g of lead shots. The tube is 1m long and is held 
‘vertically. It is then suddenly inverted so that the lead shots fall 
to the other end. After 50 such inversion the temperature of the 
lead shots is found to rise by 389°C. Assuming that the whole of 
the heat generated remains within the lead shots, calculate the 
mechanical equivalent of heat. (Sp. ht. of lead=0'03) 
(c) What is the first law of thermodynamics? © 3+5+3 


4 


11. (a) State the fundamental assumptions in kinetic theory 
of gases. 4 
(b) Discuss the pressure.of a gas and the concept of tempe 1 
ture according to kinetic theory. $ 
Or, (a) What is Laplace’s correction of Newton’s formula 
for the velocity of sound ina gas? Why was the correction | 
necessary ? 


(b) Discuss the characteristics of a musical sound. On what 
factors does the quality of a musical sound depend ? 5+5 
12. (a) Define the following terms in connection with wave i 
motion :— : 
(1) Wave-length. 
(ii) Frequency. 
(ii) Amplitude. 
(b) What is a stationary wave ? Describe a simple experiment | 
to demonstrate the formation of stationary waves. 
(c) Discuss the formation of beats. 34449 — 


1979 
FIRST PAPER 


( Answer any seven questions of which at least 
be from each group- ) 
Group—A 
1 (a) What is meant by relative velocity ? Two particles 
moving with velocities u and 2u are inclined at an angle 60°. Find 
the relative velocity of one with respect to the other. j 
(b) During the rains, the rain drops falling vertically appear 
to come down obliquely to a Person sitting in a running train. 
Explain. 24-62 
2. (a) Define momentum and impulse. and state the principle 
of conservation of linear momentum. ; 
(b) State and explain Newton’s third law of motion. 
(c) A8gm bullet is shot from a 5 kg gun witha speed of 
400 m/sec. Find the velocity of re U^ 34443 
3. Explain the terms *kinetic energy! and ‘potential energy’. 
State the principle of conservation of energy and prove it for 


bodies falling freely under gravity. |. pois 
Water is being raised from à well to. height of 25 ft by means 
of a5 H, P. motor-pump. If the efficiency of the pump be 80% 
how many gallons of water will be raised pet minute (1 gallon of 
water weighs 10 Ib, 8732.2 ftlsec’ ) — 24+5+3 
4. State and explain Newton's law of Gravitation. . i 
What is meant by acceleration due to gravity? How does it 
vary with the alitude above sea-level and latitude of a place ? 
The mass of the earth is 80 times that of the moon while its 
radius is four times that of moon, By what ratio vill. the weight 
of a body be reduced on the moon ? ORE 24543 


5. Either Je MEE 
Define 'angular, velocity» ‘angular acceleration’, ‘angular 


momentum’ and torque’. . How is the torque related to the. angular 
acceleration ? Explain the principle of conservation of wes 


momentum with suitable examples. 


three must 


ñ 


Explain the following :— _ du 
ir) , Small drops‘of mercury are spherical in shape, n 
(ii) .. Kerosene oil rises along the wick of a lamp. 545 
6. State and explain Archemedes’ principle. Does it hold. 
ina satellite moving in a circular orbit around the earth? 
Explain, (6 : $ D 
24. How can you use Archemedes’ principle to determine the 
Proportion. of two pure metals in a Piece of their alloy ? A 
A hollow spherical ball of a material of density 3.1 gm/c. c. is 
found to float in a liquid. of, density 1.5 gm/c. c. just fully 
immersed. If the external diameter of the ball be 10 cm., find the 
internal diameter of the ball, 4+3+3 


* Group—B.' 
7. Either Bi b iA 
(a) What is the co-efficient of real expansion of a liquid ? The 
heights of the mercury columns in equilibrium in the two vertical. 
limbs of a U-tube kept at 0°C and 100°C respectively are 7635 | 
cms and and 75 cms respectively, Calculate the ccefficient of real | 
expansion of mercury. s i 
(b How will you demonstrate the anomalous expansion of 
water ? , 644 - 
Or 
(a) What is meant by simple harmonic motion (S. H. M)? 
fate the conditions under which a particle will execute S. H. M." — 
b) Explain the terms ‘amplitude’, “phase” and ‘period of am 
S. H. M. 


ij "* (e) Describe an arrangement for measuring the velocity of 


— Sóund in air by Producing ' resonance betweeii à tuning fork and a 
kt n serge Bry , " 1 
: E clam StI 


Lr 
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8. Describe a laboratory method of determining the specific 
heat of a solid insolube in water. Does the relation “heat lost= 
heat gained” hold if the solid and the liquid'in the calorimeter react 
chemically ?, Explain. Í Hao rene j 

How much heat is required to convert 5 gms of ice at —10°C 
to steam at 100°C? ( Specific ;beat of ice=0'5, Latent heat of ice 
—80 cals/gm'; Latent heatjof steam=540 cals/gm. ) . 54243 

9. State ‘The first law of Thermodynamics’, What is meant 
by mechanical equivalent,.of, heat? Describe a method for the 
determination of mechanical equivalent of heat. ; 

The mechanical equivalent of heat, is 4'2 Joules 
Express the same in F. P. S. system, 

[ 1 kg—22 Ib and 1 inch=2'54 cm J i i 

10.. Define co-efficient of thermal conductivity. Describe an 
experiment, .to compare the thermal conductivities of copper, 
iron and brass given in the form of rods of equal cross-sections. 

Why do we feel warmer at night if the sky is cloudy ? 


per atari, 
24+14+54+2 


> EAA OF 2+6+2 
1i Define ‘Dew point’, and Relative humidity’, and describe 
a method by which ‘Dew point’ may be determined. 

(i) What will be effect on dew point if a quant 
is sprinkled inside a closed room f Explain, A i 
(ii) In determining the ‘boiling point of a liquid, the bulb of a 

thermometer is not kept immersed in the liquid. Explain why ? 
ý 2444242 
Describe the 


ity of water 


12. What is meant by Brownian motion ? 
characteristics of such motion. » 
What do you understand by R. M. S. velocity ?. Discuss the 
limitation of ideal gas laws — , id a 5+5 


What is the difference between a sound wave and a light-wave ? 
Discuss the nature of sound wave with illustrations, _A stone is 
dropped from the top of a tower and the sound is beard 44 sec 
later. Find the height of the tower. [Velocity of sound in aire | 

gravity=32 dec] 24599. 


1000 ft/sec and acceleration due to ae 


1980 
PHYSICS ( Paper I ) 


Answer any seven questions of whicb at least three must be from 


each Group: 


Group A 

L (a) Obtain the equation s=ut+4ft* graphically, where u, - 
f, s and t have usual meanings. 

(b A train, travelling with a speed of 36 ft per sec. i$ | 
subjected to a uniform retardation of 2 ftlsec?. How far would 
the train move before coming to a stop ? 

"(c) State the principle of conservation of linear momentum : 
and obtain it from Newton's third law of mction, 

^ 2.(a) State the laws of static friction. Define co-efficient. of 
static friction. Obtain a relation between the angle of repose and 
the co-efficient of friction. 

(b) A body of mass 50 gms. rests on a rough horizontal table. 
Minimum horizontal force of 20 gm-wt.is necessa: y to set the 
body in motion along the surface of the table. What is the value 1 
of co-efficient of static friction between the body and the table? 

(c) Can you walk freely on a frozen lake? Justify yous 
answer. 

3. (a) Define work and power. State their units in C. G: E 
"ES P. S. systems. 

= (b) Deduce the expression for the kinetic energy of a body of 
mass m moving with the velocity u 

(c “The power of an engine is 10H. P”—What is the 
px of the statement f 

" (d A man weighing 120 tbs. can climb the top of a tower 
220 ft. bigh in 4 mins. Calculate the power of the man in horse- 
EM 

—& (a What do you mean by normal atmospheric pressure. E 
à acó. G. s. unit, when g=980 em/se~* and density of mercury is 


‘suddenly ? 


9 


(c) What will you conclude if you observe + 
(i) that the height of mercury in thebarometer rises steadily ? 
(ii) that the height of mercury in the barometer drops 


(d) It is required to transfer a liquid of sp gravity. 0'8 over an 
What must be the limiting height 


obstacle by means of a siphon. 
of the obstacle which will render siphoning possible when. the 


atmospheric pressure is 30 inches of mercury of sp. gr. 196 ? 
5.(a) State and explain Pascal's Laws 
(b) Explain the principle of action of a hydraulic press 
(c) The diameter of the smaller piston of a hydraulic press is 
2” and of the larger piston is 18", Ifa thrust of 16,200 Ibs. is to 
be developed on the larger piston, how much force should be 


applied to the smaller piston ? 

6 (a) What do you mean by tensile stress and tensile strain ? 
(b) State Hooke's law of elasticity, Define Young's modulus 
of elasticity and Poisson's ratio. What is elastic limit ? 

(c) Which is more elastic- lor diamond ? Justify your 
answer. f | 

(d) Ifa 10 kgm. wt- is suspended. at one end of a steel. wire of 
length 5 metres, the elongation of the wire becomes 5 mm. If the 
Young's modulus of steel be 9'8x 10? dynes/cm", calculate the 


cross-section of the wire (22980 cm/sec”): 
Or, . Centripetal force is a real force and centrilugal force isa 


‘pseudo’ forces Justify the statement. 
How does the earth’s rotation ffect the weight of a body at 
the equator ? 

A body weighing 70 gms. is tied at the end of a string 20 cm. 
long The other end of the string is he by hand and rotated 
ina circle 10 times per sec. with uniform angular velocity. 


Calculate the centrifugal force on the body. 

Group- B 

7. (a) Distinguish between beat and temperature, 
(b) Obtain the temperature for which readings for both 

Celsius and Fahrenheit thermometers will be the same. —. 


Le 


40 


(c) What do you mean by Absolute Zero of teMberátun 
What is its value in’ Celsius and Fahrenheit scales of temper 
ture? - 


(d) The volume of a given mass of gas at 47°C is 640 ác.» 


the pressure is 75 cm. of mercury, At what temperature will : 
ure ‘Of the gas bé doubled if the gas be heated keeping 


8. (a) Define Calorie, water equivalent, sp, heat . 
ER. 
„© You are provided with a thermometer which. can 
from 0°C to 100°C. Explain how with the help of this thermome! 
can measure the temperature of a furnace whose temperai 

C. 


(E) 20 gms, of ice at 10°C is added to 270 gms, of 
30* ‘contained in a copper calorimeter of mass 300 gms, 
the temperature, ` 
_ Sp. heat of copper=0'1 ; Sp, heat of ice=0'5, 

Latent heat of fusion of ice=§0 cals/gm. 


* 9a) What are the fundamental assumptions cinetic 
theory of gas ? | e 
"(b Explain the pressure and temperature of an ideil gas 
the light of kinetic theory, 3 
Or, (a) Assuming Newton's Formula for the velocity of $0 
Obtain Laplace's correction, ie 
^ €) Discuss: the Characteristics of musical sound. On 
factors do they depend ? 


©) Whats intererence of light? State the conditions un 
which it can be Produced, 


ll 


(c) Define thermal coductivity. Ifa block of copper of cross- 
section 100 sq cm. and thickness 5 ca. be "heated such that the 
difference of temperatures between the two oppposite faces is 5'C, 
calculate the amount of heat flowing between’ the opposite faces 
in 5 mins. if the conductivity of copper be 09 C. G. & unity - 

11. (a). What do. you mean by jdbsolute humidity, relative 
humidity and dew point ? . 

(b) What would be the condition of the atmosphere if the 
room temperature is equal to the’dew-point P f 

(c) The temperature of a rcom is-íncreased. ‘What will be its 
effect on the dew-point and the relative humidity ? ' , 

(d) Although. the room temperature in the winter sfason is 
much less, wet clothes dry up much quicker in the winter than in 
the rainy season, Why? oie ionn Im | 

(e) On certain day the temperature of the room is 25°C 
and the dew-point is 12°C. The aqueous tensions at 12°C, 25°C and 
26°C are respectively 10°50 mm, 2373 mm. and 29 mm of 
mercury. Calculate the relative humidity. 

12. (a) Distinguish between transverse and longitudinal 
vibrations, giving examples. "m t 

(b) Explain what is meant free and forced vibrations. 
When is resonance observed ? Give an example of it. 

the pattern of the Gree three 
modes of vibration of a stretched tring fined at both ende, showing 
the positions of the nodes and the antinodes i “ 


Discuss the effect anomalous expansion of 
Ma glass flask has « voluma of Zan t MC, cios 


PHYSICS—First Paper ( 1981 ) 
Group—A 
Answer the follówing questionis 
1. (a) . State the laws of static friction. 
s (b) Friction is useful in some 
- Sways— Discuss. 
a (c) Aman holds a book 
and keeps it from falling by 
with force of 5 Ib wt each. 
- the book end the hand. 
Or, (a) Prove that for a uniformly accelerated particle y*=u 
+2fs, where the symbols have their usual significance. one 
(b A Particle with initial velocity 10 cm/sec attains a' velo cit 
- (0f: 20 cm/sec after travelling a distance of 50 cm with constan 
. "Acceleration, Find its accceleration. "E 
0 A train with initial velocity 30 miles per hour apblie 


— brakes and creates a retardation of 2ft/sec?, When ‘will’ 
‘tain stop ? 3 


ways but it is wasteful in oth 

nad 
weighing 21b wt between his han 
pressing both hands-agaiist the boo 
Find the coefficient of friction betw 


= . ai 
2. (a) Define kinetic energy, db 


^'^ (b) A body ‘of mass lkg is let fall from à tower 100 metre 
` high Calculate the kine 


tic energy of the body— (i) one seco 
"after its release and (ii) when at the bottom of the tower. j E 
(9. A man rises in'a lift catryind a box. Explain if any work 1 
is done by the man on the box. E 
» Ory (a). Define centre ot mass and centte of gravity. i 
(b) State the Conditions of equilibtium’of three forces; si 
= (e) A body of mass 2 kg and another of5 kg are placed at 
_ theiends of a rod of length 10 em. Find the position of balance 
meglecting the weight of the rod. is 
"a9 Kyo! : Group—B : u 
Answer any two questions i 
wton’s law of universal gravitation. A 
the unit of universal gravitational constant in 


. 


3. (a) State Ne 
— (b) What is 


— TUM E A nmm 
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(O An atificial satellite revolves round the centre of the earth 
ina csrcular orbit at a height of 400 km above the surface of the 
earth. Assuming the radius of the earth to be 6000 km and value 
of ‘g’ at the earth surface to be 980 cm/sec” calculate the velocity 
of the satellite. 

4. (a) Explain what is meant by elasticity of matter. 

(b) Define rigidity modulus and Poisson’s ratio. 

(c) A-mass of 10 kg is suspended from a vertical wire 
of radius 1 mm. The length of the wire becomes 1 metre. 
If Young's modulus of the material of the wire 2.0 X 10** dynes/cm?, 
find the length of the wire without load. 

5. (a) State the laws of simple pendulum, 

(b) A pendulum of lenght ' loses 5 seconds a day. By how 
much should its length be shortened to keep correct time ? 
(Given g=981 cm[sec*) t 

(c) A hollow sphere is filled with water and is hung by a long 
thread. A small holeis made at the bottom of the sphere and 
water flows out slowly through the hole, It is observed that the 


period of oscillation of the sphere first increases then decreases, 


Explain. 

6. (a) Describe an experiment to 
pressure in all directions. 

(b) ‘A floating body apparently weighs nothing’—Explain. 

(c) A faulty barometer reads 28 inches and 30 inches when a 
true barometer reads 28.5 inches and 31 inches respectively. Find 
the reading of the true barometer when the faulty barometer reaq, 


29 inches. 


show that liquids exert 


Group—C 
Answer any two. questions 
7. (a) Establish. the relation connecting the different the, 
mometric scales that are in general use. í 
(b) A faulty thermometer reads 5°Cin melting ice and 99*c 
in dry steam. Find the cortect temperature in Centisrade soale 
when the faulty thrmometer reads 52°C. m 


4 


: p. 
ng mercury asat a 
What are the advantages of using y as a ther- 


(b Coefficient of linear expansion of brass is 19x 10-9/°C. 
Vhat is its value in Fahrenheit scale ? 
(€) Two metal rods, A and B, differ in length by 25 cm. 


j ' be the change in temperature. If the coefficients of - 
linear expansion are 1'28 x 10-®/°C and 192 x 107*/C. respectively, . 
the lengths of A and B. 


(a) Define latent heat of fusion of a solid and latent heat 3 
f vaporisation of a liquid. 

(b). pue is regelation ? Describe an experiment to demonstrate 
ge! a : on. 


) 100 gms of ice at 0°C is added to 100 gms of water at 


Find the common temperature and the final contents at the 


n temperature. Í 
(a) State the first law of Thermodynamics. 
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mass of 1 kg, falls from a height of 1 km to the ground. 
f all the energy is converted into heat, find the quantity of heat 
e ped. . J—41X10* erg/cal, 


n Group—D 

gs Answer any one question 
. (à) Define simple harmonic motion, 
Establish the equation of a simple harmonic motion. 
Find the resultant of superpositi 

©. motions - of Same i 


h.m. Its J : 
its distances are 2 ft and ^ 


33 


» and 3 ft/sec. when 


yT 


m 4^ 
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3 ft. respectively from. its mean position of motions Find -its 
amplitude and time period. 

Or, (a). Explain progressive and stationary waves. 

(b) State the characteristics of progressive and stationary 

waves. 
(c) The resonant length obtained in» an experiment with 
resonance column tube is 27 cm. with a tuning fork of frequency 
300. If velocity of sound in.air is 330 metres per sec, find the 
second resonant length. 

(d) Two tuning forks, when sounded together, produce 4 beats 
par second. Is the frequecy of one of them be 256, find the possible 
frequency of the other. j 

12. (a) State the laws of transverse vibration of a stretched 
string. es j 

(b) Describe how you would verify the above laws. 

(c) A-sonometer wire emits a note of frequency 150. What 
will be the frequency of the note emitted by the same wire, if the 
tension is increased in the ratio of 9; 16 and the length is doubled ? 

Or, (a) What is Laplace’s correction of Newton’s formula for 
velocity of sound ina gas ? Why was the correction necessary ? 

(b) How does the velocity of sound ina gas depend on 
pressure and temperature? Give reasons in support of your 
statements. E Jl eor P 

(c) Define—fundamental tone, overtone and harmonics. 

(d) A gun is fired from an aeroplane travelling horizontally 
at 120 miles per hour and the echo from the ground is heard after 
3 seconds. Find the height of the aeroplane; if velocity of sound . 
be 1120 ft./sec. 4 

(c) ^A person gets a more severe bu 
by boiling water. Why? $ 

(d) A vessel of water requivalent 5 g 3 
at 20°C. 25 gm. of ice at 0°C is’ dropped into ite i 
the composition of the contents of the calorimeter : 
temperature in the final mixture? [ Latent: heat of 


rn by steam at 100°C than 


m. contains 55 gin. of water 
What ‘will be 
ter and -the 
ice 80 


cals/gm. | 
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9. (8) Define thermal conductivity and state its unit in the 
C.£5. system, E | 
(b) The area of the glass window of a room is 2 sq. metres. — 
The temperatures inside and outside the room are respectively 
20°C and 5'C, The thickness of glass is 3 millimetres. How 
much heat will pass through the closed window per second? 
UThermal conductivity of glass ="0012 c g,s. unit ] 
(c) An iron anda wooden chair are kept in the sun. Why 
does the iron chair appear hotter ? 
(d) State with reasons what should be the nature of the bottom. — 
Of a cooking vessel—smooth, rough, black or white. 
10. (a) What are the basic assumptions underlying the 
kinetic theory of ideal gases? Calculate the r, m. s. velocity of. 
nitrogen mol.cules at 0°C. Density of nitrogen at S.T.P.125' 
&mllitre, Density of mercury 136 gmlc.c. 
(b The water of a waterfall drops from a height of 50 metres. 
If 75% of its energy is converted to heat and absorbed by the water 
by how much does the water rise in temperature ? [J=4'2x10* 
ergs per calorie ; g=9'3 metres/sec?.] 
Group—D 
Answer any one question from this group. 
ll (a) What is meant by simple harmonic motion? Define 
amplitude and Period of a simple harmonic motion. 
(b)... The: equation iot motion of a body executing simple 7 
monic motion is given by 3-22 sin 40% tcm. What are its. . 
amplitude, period of oscillation and acceleration at the maximum. - 
displacement of the oscillation. ig 
Prove that for a body executing a simple harmonic motion, 
the Sum of the potential and kinetic energies at any instantisa l 
Constant, . 
(d) Explain with examples what you mean by forced and: - 
_ Tesonant vibrations E 
$ zu (à) How are stationary waves formed? Give suitable: 3 
examples, One each, of stationary longitudinal and transverse waves- . 
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(b) Explain with a diagram what you mean by nodes and 


antinodes. 


(c) Deduce the relation between velocity and wavelength of 


a wave. 
(d) A wind pipe 50 centimetres long and open at both ends 
tuning-fork. If the velocity of 


is vibrating at resonance with a 
what is the frequency of the 


sound in air is 350 metres/sec, 


tuning-fork ? 
(e) Two wires of the same sample (having same mass per 


unit length ) are stretched on a sonometer. One is twice as long 
as the other. But they are resonating with each other. Compare 


their tensions. 


Question—2 


PHYSICS—( First Paper ) 1982 


Group—A 
Answer any two questions. 
le (a) State Newton's Second Law of motion. 2 
^(b) From this law deduce the formula P=mf, the symbols 
having their usual meaning. 3 
(c) Define the M.K.S unit of Piao 1 


(d) A car weighing 100 kg is moving with a velocity of2 
metres per sec, What force must be applied to stop it within a 


distance of 10 metres ? 2 
Or, (a) State the law of conservation of linear momentum 
for perfectly elastic bodies, 2 
(b) Why does a gun exert a backward push when a bullet 
leaves the gun ? 2 


(c Agun carriage weighs 500kg. A shot of mass 10 kg 
leaves it with a velocity of 20 metres per sec. If the frictional 
force of the earth is one-tenth of the weight of the carriage, then 
how far will the carriage recoil ? 4 

2. (a) Why is a centripetal force necessary to rotate a body in 
a uniform circular motion ? 

(b) Show that when a cyclist is going round a curved path 
* of radius r with a velocity v, his body must become inclined to the 
vertical by an angle 0 where ten 0—»*[rg, g being the acceleration 
due to gravity. 2 

(c) A ball of mass 15 gm. tied toa peg with a 9 cm. long 
thread is rotating uniformly round the peg ona horizontal smooth 
plane at the rate of 10 rotations per minute. The thread is always 
in a state of taut, What is the tension of the thread ? 


[ Take 2?—98 | 3 
Or, (a) Define watt and horse-power. Show that 1 H.P=746'4 
watts. 2+2 


(b) A boy of weight 20 kg carrying a box of weight 2} kg. 
climbed the roof of a house 18 metres high in 14 minutes. At 
1 what rate did he do work ? 


" 
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W Group—B 
E Answer any two questians from this group. J 
f 3. (Q9 What is acceleration due to gravity ? How is it related 


to the universal gravitational constant)? 

| (b) Calculate the mass of tbe earth, given that its radius is 
26400 km. g=9'8 m/sec? and G2 67x 107* cs unit | : 

|, (©) Explain with diagram why and how the acceleration due 
to gravity varies from place to place on the earth’s surfaces ii ; 
* (d) A piece of stone let fall from, the top of a tower touches 
What is the height of the tower? 


| | the ground after 5 seconds. 
) (g=9'8 msec” ] i 
} 4, (a) - Define stress and str 


| their units in thec. gi si system © "LU EA EALE E 22 
(b) Justify the statement—steel js more elastic «than: rubber. 
| (Q Show graphically the nature of the loadextension curve 
"of a solid. s nmaddst (s 3o et © 
L(d) A source of 10 Newtons.is fé uired to elongate ( within 
} elastic limit ) arope of radius 35 millimetres by dp th of its length. 
) What is the Yaung's modulus for tbe material of the rope ? ; 
1 5. (a) Why is it necessary tO make the dam of a water 
T reservoir thicker at the bottom than at the top ? 


ain of an elastic body. What are 


i. (b) Things can be cut by the sharp edge ofa knife easily but 
| cannot be cut by she blunt edge. Explain the reason. 
bottom of a clear lake of water 


iq (c) What is the pressure at the 
| 10 metres deep T [Atmospheric pres 


| density of mercury—13 6 £m per. e 
of a liquid through a 5Y 


(d) Does the rate of flow 

| if the barometric pressure is changed ? Explain your answer 
6. (a) State Archimedes’ principle. 
(b) State the conditions of flotation of à Bc oe 
(c) A steamer weighs 10 metric tonne. When it enters into 

a sweet water lake from tbe sea, es more Water 


it displaces 50 litr : 
What is the density of the seawater? Hl litre of water weighs 
1kg] p ed 


sure 76 cm. of mercuty and 


phon change 
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(d) A string supports a piece of iron weighing 160 gm. 
immersed in water. Ifthe specific gravity of iron be 8, ca 
the tension'in:the string. [g=980 cm/sec”. ] 1 


Group—C | 
Answer any two questions from this group. — — 
7. (a) Explain with a diagram why two kinds of exp 
namely, real and apparent expansions are mentioned in 
liquids. ` E 
(b) Define the coefficients of real and apparent expan 
a liquid and deduce a relation between the two. Which of 
is a characteristic of the liquid only ? E 
(c) Coefficients of volume expansion of glass and m 
are respectively 24x 1075 per °C and 1°8x10-* per °C. | 
fraction of the inner volume of a glass vessel should be kept 
with mercury so that the volume of the remaining inner spac 
be the same at all temperatures ? 
8. (a) Define (i) specific heat. (ii) latent heat eti 
- (b) What is the advantage of taking water as the hot s 

in a hot water bottle ? 
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Group—A 

. Answer any two questions 
L (a) State Newton's laws of motion. Define the unit of 
force from the second law of motion. 34-2 
(b) A mass of 10 kg is suspended from a string whose other 
end is held in hand ; find the tension in the string when (i) the 
hand is stationary, (ii) the hand is moved up witha uniform 
acceleration of 5 m/sec*, (iii) the hand is moved down with a 
uniform acceleration of 5 mise" [$798 m/sec” ] 3 
Or, Prove that a uniformly accelerated particle moves through 
a distance equal to u--Àf. (2t— Din thetth second, where the 
symbols have their usual meanings. 3 
(b) A body moving with uniform acceleration covers 65 ft. in 
the 5th second and 105 ft. in the 9th second. Find the distance it 
will cover in 20 secs. 3 
(c) Show by vector method that the line joining the middle 
points of two adjacent sides of a triangle is parallel and e 


third side. 
2 (a) What is the difference between—' work done by a 


reference to shore. Is he doing any work ? 
(b) Find an 


mass m moving with velocity v. 
(9 Prove chat the sum of Kinetic enenty and potential ener 
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that can be given to the stone and the greatest number of revolu f 
tions per minute which the ston can make without breaking tle 
string. [51 2 

(c) What do you mean by angular momentum? Explain the 
principle of conservation of angular momentum. 1 


Y 


Group—B ` 
Answer any two questions. ME 
3. (a) State Newton’s law of gravitation. 
| ‘What do you mean by acceleration due to gravity ? 
Which one is greater—the attraction of the earth on 1 bof 
lead or the attractionof 1 Ib of lead on the earth ? 2+1+1 
(b) What should be the velocity in km/hour of an earth | 
satellite revolving at a height of 1600 km. above the surface of the | 
earth in a circular path with the centre’ of the earth, assumed | 
spherical ? eq. 
Given, radius of the earth=6400 km, mass of the ani j 
6x 10** gm, and G=6'7x 107* C.G.S. units. 141) 
(c) The point of suspension of a simple pendulum moves With | 
a uniform acceleration in the horizontal direction. How is the 


period of the pendulum affected? - „Aika 
(d) A person will feel weightless on an artificial satellite of the 

earth—explain. E 
4, (a) Define: stress, strain, Poisson's ratio. 3 
(b)... State Hooke’s law. ? Po 


What do you mean by Young's modulus ? 
‘What are theunitsof Youngs modulus in C.G.S and MES | 4 
systems ? 1+) 
(c) Two wires of different materials are of equal length. 
One is of diameter 1 mm and other 3mm. They are each stretched 
by the same tension. The elongation of the first is thrice that of 


the other; Compare their Young’s moduli. T 
5. (a) . State Pascal’s law for transmission of pressure through 
liquid. $ 2 


„o Explain the principle of working of a hydraulic presse 4j 


23 


(b) A solid wooden cylinder is placed in a container in contact 
with the base in such a manner, that when water is poured into 
the container, no water can £o beneath the solid. Will the 
cylinder float up? Give reason for your answer. 

(c) At what depth under water will the préssure be three 
times the atmospheric pressure ? Assume the' atmospheric ‘to be 
10* dynes / sq. cm. : i3 

6. (a) State the conditions of equilibrium of floating bodies, 2 

‘A rectangular patallelopiped of wood 5 cm long, 4 cm broad 
and 3 cni high floats with 2'5cm of its height immersed in water. 
Find the density and ‘weight of piece of wood. 3 

(b) A solid weight 23,75 gins. in air and 12.5 gms. when 
totally immersed in a liquid of specific gravity 0'9. Calculate the 
specific’gravity of the ‘solid. Also calculate the specific gravity of 
the liquid in which the solid would float with three quarter of its 
volume immersed in the liquid. 5 
Group—C 
Weg Answer any two questions 

7. (a) What are the fixed points of a thermometer 1 
, What do you mean by the fundamental interval of a 
thermometer ? j i 1+1 

(b) A faulty thermometer reads 0'5° at the ice point and 105:5* 
at the steam point. Find the correct temperature in centigrade 


scale when this faulty thermometer reads 52'5°. ; 2 
(c) State the advantages of using mercury as 8 thermometric 
substance. 3 


(d) Define co-efficient of linear expansion of & solid, 1 
^ Show that it does not depend on the unit of length but qon 


upon scale of temperature. j 
Or, (a) Establish relation connecting the coefficients of linear 
j 3 


and volume expansions of a solid. : 
nsecutive tails of à railway line, 


(b) If the gap between two co 
5 inch at 10°C, at what temperature will the 


each 66 ft long, is 0 nator 
two rails just touch? (« for jron=11* 107 */O) 2 


Dope UT 
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- (c) Describe the method of determining the co-efficient of - 
_ apparent expansion of a liquid by weight thermometer. 3 
_ (d) An isoceles triangle is formed with three zinc rods. What 
"will be the change of the base angle if there is change of tempera- 

ture ? Give reasons for your answer. 21 

8. (a) Define: Calorie, British Thermal Unit, Therm, ` 

15"-Calorie. . 

(b) Specific heat of copper is 0'09—explain. 

Distinguish between thermal capacity ard water equivalent. 

(c) The densities of two substances are in the ratio 2:3 and 
their specific heats are in the ratio 0'12: 0'09. Compare their 
thermal capacities per unit volume. 2 

-9. (a) | Find the result of mixing 50 gm of water at 10°C and 

15 gm of ice at 0°C. Latent heat of fusion of ice=80 cal/gm. . 3 

(b) Give two natural examples of cooling by evaporation. 2 

(c) State the first law of thermodynamics. What is meant by 

the mechanical equivalent of heat ? : 

(d) The temperature of a piece of metal rises br L'4'C when 

it falls from rest through 90 m on the ground. If # of the heat 

generated goes to raise the temperature of the metal, then what is 
"the value of the mechanical equivalentof heat? (Specific heat of 
A the metal=0'1 : g=980 cm/sec’). 3 

'10. (a) State the fundamental assumptions of the kinetic 
theory of a perfect gas. 

E. (b) What do you understand by the root mean square 
. velocity ? 1 

(c) The thickness of an iron plate is 4 mm and the area of its 
: “face i is 150 sq. cm. Ifthe temperatures of the two opposite faces 
_of the plate be 100°C and 30°C respectively and the heat conducted 
from one face to the other in 1 second is 3940 calories, find the 
coefficient of thermal conductivity of iron. 4 
i. (d) Explain: A blackened vessel is preferred to a polished one 
‘for cooking ; i 

Birds puff up their fathers à on a cold day. Why ? 2 
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Group—D 
Answer any one question 
11. (a) Prove that the motion of a simple pendulum is simple 
harmonic. a 
(b) Write down the equation of a S. H. M. with an amplitude 
2cm, initial phase 0° if 150 oscillations are performed in one 
minute, 2 
(c) State Newton’s formula for the velocity of sound in a gas. 
What is Laplace’s correction ? 2 
(d) The frequency of a tuning fork is 400 per sec. and velocity 
of sound is 320 metres per sec. Find ‘how far the sound will travel 
in air when the fork executes 30 complete vibrations. 2 
Explain: Formation of beats + 3+3 
Doppler effect. 


12. (a) State the laws of transverse vibrations of a stretched 


string. 3 
(b) Describe the resonance column method of finding the 
3 


velocity of sound wave- 

() Two wires whose lengths are in the ratio of 3: 2 are 
stretched with equal tension and they emit the same note. If the 
wires are of different materials and if their radii be in the ratio 
of 1 : 3, compare their densities 5 

(d) Explain the formation of echo. : 2 

A man fires a gun standing between two parallel cliffs. He 
hears the first and the second echoes after 1} and 2% seconds 
respectively. Find the distance between the cliffs. Given npe 


of sound in air— 1200 ft/sec. 
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Group—A 
Answer any Two questions j 
1. (a) Establish graphically the equation s=ut+4ft* where 
- uf, s and t have usual meaning. 4 
(b) Uniform retardation is produced by applying brakes when 
`a train is moving with uniform speed of 45 miles per hour and the 
“train comes toa stop after one minute. Calculate the rate of 
“retardation and find also the distance traversed by the train. after 
the application of the brakes. 4 
_ 2. (a) Write down the laws of static friction. What do yon 
“mean by the angle of repose of an inclined plane ? Obtain the 
relation between the coefficient of friction and the angle of 
Tepose. 6 
(b) A body, moving on the ground with a speed of 15 miles 
‘per hour, comes to rest. The coefficient of friction between the 
ground is 022. Calculate the distance traversed by the body on 
the ground before it comes to a stop. 2 
Or, Give an example ‘of the disadvantage of friction’, How is 
it minimised ? 2 
3. (a) Define work and power. Write down their units in 
the M. K. S. system. 
(b) Obtain the relation between-Horse Power and Watt. 3 
(c) A train moves with the speed of 50 miles/hour against a S 
force of 1,200 Ib. wt. Calculate the power of the engine in H. Pe 2 — 
4 (a) What do you mean by fictitious force? Why is the — 
‘centrifugal force known as a fictitious force ? 
(b) How is the weight of a terrestrial body affected by the 
earth’s diurnal rotation ? 2 
(c) A stone of mass 500 gms is tied at one end of a thread and 
is rotated along a circular path of diameter 200 cm ina vertical 
Plane with the speed of 4 metre/sec. Calculate the tension of 


.. the thread when the stone is at its highest and lowest positions. 
$ (g—980 cm]/sec?.) , 4 


X 


di ec peel tan. omes 
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Group—B 
Answer.any Four questions 
5. (a) Discuss how the acceleration due to gravity. changes as 
one goes above the earth's surface and also within the earth. What 
would be the weight.of a body; placed åt:the centre'os the earth’? 
A straight tunnel is dug passing from the northpole to the south- 
pole of the earth. What would be the motion of a body if it is 
dropped into the tunnel ? 6 
(b). A body is dropped from a balloon when it is at a height 
of 390 metres from the earth's surface during its ascent. It is 
found that the body reaches the ground after 10 seconds, -If the 
due to gravity be 980 cm/sec”, calculate the speed of 


acceleration 
" ascent of the balloon at the time whan the body is dropped from it. 
OR ess 4 
6. (a) State Archimedes Principle and verify the maine 
* : 6 


experimentally. 


(b) The weights ofa body in air and water are respectively 
50 gms and 30 gms. What would be its weight in a liquid of sp’ 
gr. 0.8? Calculate the sp. gr. of the body in relation to the liquid. 4 
7; (a) What do: you mean by the standard atmospheric 
pressure ? What will be your conclusion if there is sudden drop of 
height of mercury in a barometer ? Calculate the value of the 
standard atmospheric pressure in the C. G.S. unit. (g=980 
cm/sec? ;) dido ; ! : 5 
Density of mercury 2196 gmlcc.. 
(b) Explain the principle of action of a siphon. Explain under 
what conditions a siphon does not wor 5 
8, (a) Define the coefficient of linear expansion ofa solid. 
Establish the relation between the coefficient of RM expansion 
and the coefficient of superficial expansion of a solid. 4 


(b) The density of brass at 0°C is 78. gmlec. Calculate its 


density at 100°C. Ban. € 
.. Coefficient of linear expansion of brass; D 4 
=18 0x 1078/°C qa d 1v dist auru thik 
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(c) Two plates of copper and iron of identical shape and size 

are rivetted together. What will happen to the combined system 

_ if the temperature be raised ? 
Explain your answer with a diagram. Give an example of the 
“practical application of such a bimetallic strip. 4 
“9, (a) Define the pressure and volume coefficients of a gas. 
Prove that in the case of an ideal gas these two coeffcients are 
“equal. 5 

(b) Define the sp. heat and the latent heat of fusion. A 
‘calorimeter of water equivalent 30 gms contains 270 gms of water 
‘at 30°C. A piece of ice of mass 10 gms at— 10°C is dropped into 
the calorimeter. Calculate the final temperature of the mixture. 

(Sp. heat of ice=05) 5 
3 (Latent heat o£ fusion of ice —80 cal/gm ) 

10. (a) Define dew point and relative humidity. How are 
they affected by the temperature of a room ? 

The temperature and the dew point in a room are respectively 
26.5°C and 14°C ona certain day. The aqueous tensions at 14°C, 
26°C and 27°C are respectively 12700 mm, 25°00 mm and 26°60 mm 
of mercury. Calculate the relative humidity in the room. 

(b) What do you mean by mechanical equivalent of heat ? 

The temperature of water at the top of a waterfall is less than 
that its bottom by 0'47°C. Ifthe work done by water in falling 
through the height of waterfall is fully converted into heat, 
calculate the height of the waterfall. 4 

g=980 cm/sec?, J=4'2x 10" ergs/cal 


Group—C 
Answer any Two questions 
1L (a) What do you understand by simple harmonic motion ? 
"What is meant by tíme period ? 
(b) What do you mean by forced vibration and resonance ? 
"Explain their difference by giving examples. ` 4 
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12. (a) Show that the sum of the potential energy and kinetic 
energy of a particle executing S. H. M. is a constant. 4 
(b) The time period and amplitude of a particle, executing 
S. H. M., are respectively 12 secs and 13 cm. Calculate the velocity 


of the particle when it is 5cm away from the mean position of 
3 


13. (a) How isa stationery Wave formed? What are its 
3 


rest 


characteristics ? 


(b) Show that only the odd harmonics are produced in the case 
in a tube closed at one end. 4 


of vibration of an ait column 
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€ it Answer any two questions 


d.a) Establish graphically the equation »*-—u*-F2fs where 
wu v f and s have usual meaning. 4 
A (b) The initial velocity of a train is 30 miles per hour and the 
velocity of the train becomes 15 miles per hour after moving 
through 363 ft with uniform retardation. How far will it move 
further before stopping if it moves with the same uniform 
retardation ? i 4 

2, (a) Define power and write down it units in C. G. S. and 
M. K. S. systems. 3 
(b) What do you understand by the law of conservation of 
energy ? Give a few examples. 2 
(c) Ifa body of mass 100 gms be falling freely from a height 
äna downward direction calculate its kinetic energy 5 seconds 
'after:the beginning of downward falling. [g=980 cm/sec”] 3 
3. (a) What do you mean by relative velocity ? Two particles 
are moving with velocities u and v respectively making angle 0 
between them. Obtain the relative velocity of one particle with 
respect to the other. 4 
(b) One ship is moving due east with a velocity of 9 kms per 
| hour and another is moving due south with a velocity of 12 kms 
per hour. What would be tbe velocity and direction of motion 
of the first ship with reference to the second ? 4 


Group—B 
Answer any four questions 


4 (a) State the laws of gravitational attraction and explain 
what you mean by universality of the law of gravitation 2 
(b) Write down and explain the laws of a freely falling body. 3 
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(9. A body is thrown vertically upward witha velocity: of 80 
ft per sec. Ifthe acceleration due to gravity be 32 ft/sec” find ‘the 
time of ascent. How far will it ascend and what will be its 
velocity midway ? SFI. 6 

5.(a). Write down Hooke’s law of elasticity. Explain how 
you, can verify the law experimentally, What do you understand 
by elastic limit? Define Young's modulus. of elasticity and 
Poisson’s ratio. | . 6 

(b). An 8 kg weight is: suspended at the end of an iron wire 
2 metres log and 1mm in diameter. Calculate the elongation of 
the wire if Young's modulus of iron be 2X 10*? dynes/cm’, 

^ [2 980 cm/sec”) : 4 

(c) The diameters of two pistons of a hydraulic press are 4 
inches and 40 inches respectively. The arms of the lever of the 
press are respectively 6 inches and 3 ft. A force of 50 Ib is applied 


at the end of the longer arm of the lever Calculate the thrust on 


the larger piston. © © 5 


* 7. (a) What is the distinction between heat and temperature ? 
Establish the relation between the Celsius and Fahrenheit scacles, 
(b) Obtain the temperature at which the readings of Celsius 


and Fahrenheit Thermometers will be the same. 2 
(c) Thelower and upper fixed points of a thermometer are 
05° and 101° respectively. What will be the reading of this 
thermometer at 60°C? "d j 4. 
8. (a) Define real and apparent coefficients of expansion of a 
liquid and establish the relation between them l 4 
(b) The internal volume of a glass flask is vcc, Find the 
volume of mercury that must be kept within the flask so that the 
volume above the mercury remains the same at all temperatures. 3 

Coeff. of vol. expansion of mercury= 0'00018/"C 

» Coeff. of linear expansion of glass=0'000009, °C. 
-. (c) - An alloy contains 60% copperand 40% nickel. A piece of 
tliis alloy of mass 50 gms is heated to 50°C and then dropped into 


^ 
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. 140 gms of water at 20°C kept in a calorimeter of water-equivalent 
of 10 gm, Calculate the final temperature of the mixture. 3 
Sp. ht of copper=0.09 ; 
Sp. ht, of Nickel=0.11 


9, (a) Write down the different methods for transmission heat 
and explain the difference between them, Explain why ventilators 
are placed near the ceiling of a room, 5 

(b) There are five glass windows in a room, the area of the 
glass af each window and the thickness of the glass being 2 sq. m 
and 2mm respectively. The temperatures of the inner and outer 
surfaces of the glass are 20°C and —5' C respectively, Calculate 
the amount of heat flowing out from the room per min, through 
the windows by conduction. . 

Conductivity of glass=0°002 C.G.S, Unit. 5 

Or. (a) Write down the basic assumptions of the kinetic 
theory of an ideal gas. Explain the concept of pressure and 
temperature of an ideal gas with the help of the kinetic theory, 5 

(b) The R. M. S. velocity of a hydrogen molecule at N.T.P. 
is 1°85 km/sec. Calculate the density of hydrogen gas. 3. 


Group—C 
Answer and two questians 


10. (a) What do you understand by beats? Explain zd 
formation of beats. 

(b) Two tuning forks produce 6 beats per sec. The (NE 
of one of the forks is 312/sec, Ifthe mass of a prong of the fork 
of unknown frequency be increased gradually by fixing small 
amounts of wax on it, at atime the beating frequency gradually 
decreases to 3/sec. Calculate the frequency of this fork, Explain 
whether it is possible to produce 6 beats per sec. again by increasing 
the mass of the prong further. 4 


< 1L (a) Write down and explain the laws of transvesre 
vibration of a string. 3 
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(b) A sonometer wire of length 75 cm is in unison with a 
tuning fork. Ifthe length ofthe wire be decreased by 3 cm then 
it produces 6 beats per sec. with the fork. Calculate the frequency 
of the fork. 4 

12. (a) A person sets his watch at 27°C by hearing the sound 
of a gun-fire from the fort at a fixed hour and finds that the watch 
runs behind correct time by 10 seconds. Explain the reason. If 
the velocity of sound ‘at 0°C be 330 metres/sec. calculate the 
distance between the person and the fort. 3 

(b Anengine is advancing toward a hill with a velocity of 
30 miles/hour by ‘whistling sound of frequency 224/sec: Calculate 
the frequency of»sound which is heard by the driver of the engine 
after the reflection of the sound from the hill. Assume the velocity 
of sound in air to be 1080 ft/sec. 4 
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j Group—A 
_. Answer any two Questions f 
1. (a) Establish graphically the equation S=ut+4 ft", where: 
u, f; s, and t have their usual meaning. | 4 
(b) Avparticle. moving along a straight line with uniform 
acceleration describes 145 cm and 185 cm in the sixth and the 


tenth second respectively... What distance. will it cover in the 
^ i 3 


. sixteenth second ? 

(c), Allparticle moves. 
it moves ‘b’ metres along a di 

original direction. Obtain the resultant displaceme 
particle. sr 3 
2. (a) Define centripetal force and establish an expression for 
the same. Why is centrifugal force called a pseudo force ? 5 
(b) Explain the effect of diurnal motion of the earth on the 
weight of a body on the surface of the earth. 2. 


v 


‘a metres along a straight line and then 
rection making angle @ with the 
nt of the 
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(c) Establish the relation between linear velocity and angular 
velocity. “3 
> 3.(a) What is work ? Define joule, erg and watt. 4 
(b) What is meant by potential energy and kinetic energy ? 2 

(c) Deduce an expression for the kinetic energy of'a body 
moving with linear velocity u. 4 

Group—B 
Answer any two Questions 

4. (a) Write down the laws of simple pendulum. 4 

(b) Explain how the height of a hill can: be determined by 
determining the time periods of a pendulum at the foot and top of 
the hill. 3 
(c) The length of a simple pendulum is four times the length 

of another simple pendulum. If the time period of the pendulum 
of longer lengthfis 6 secs., calculate the time period of the other 
pendulum. 3 
5. (a) Define Young’s modulus of elasticity. Same weight is 
suspended at the lower ends of two wires of same length but of 
different material. The diameters of the wires are 0'4 mm and 
0'6 mm respectively. If‘the elongation of the first wire is three 
times the elongetion of the second wire, compare the Young's. 
modulii of the materials of the two wires. 1+3 
(b What should be the velocitylof an artificial satellite of the 
earth so that it may revolve round the earth along a circular orbit 
300 km above the earth's surface? Explain weightlessness of à 

body on an artificial satellite. What is meant by escape-velocity ? 
$7980 cm/sec? ; Radius of the earth=6400 km. 1 3+2+1 

6. (a) State Archimedes Principle. How would you verify 
the same experimentally ? x 4 
"(b) A’ body is floating on:water with a portion of the body 
immersed. Will the body float up or down if the entire air above 
_ the body be removed ? Give reason for your answer. 3 
" (c0) The internal and external diameter of a hollow sphere is 
cm and 8 cm respectively. If it floats just fully immersed in à 
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liquid of'p. gr. 12, find out” the density of the material or the 


sphere: 3 
7.(aà)! What dó you meañ by tk'^ tatement that normal 
atmospheric pressure is/76 cm of mercury column? | 2 
(b) What is a siphon? Explain its principle of action. 
Mention the conditions for the working of a'siphon: (EEG 


(c Calculate the limiting height of obstacle for’ siphoning 
kerosene oil of sp. gr. 080 from one vessel to another when the 


atmospheric pressure is 76 cm of mercury. Density of Hg=13'5 


gm/cc. 2 


Group—C 
Answer any two Questions 
8. (a) Define coefficients of linear expansion, surface expansion 
and volume expansion of a solid. - Establish the relation between 
them. é i 6 
(b) A metre scale, made’ of steel fis¥correct at 10°C.. What 
would be thie correct distance between two consecutive cm-markings 
on this scale at 30°C and 60° F ? ae 1+2 
A brass rod! measured with the help of the above scale at 30°C 
is found to be 5 metre long. _What would be the correct length of 
the rod at 10°C ? Coeff. of linear expansion of steel=12 x 10-°/°C. 
Coeff. of-linear expansion of brass=18 x10" 9/'C. 3 
9. (a) State Boyles’ aw and Charles' law. Establish the 
equation of the state for a perfect gas, How can you obtain the 
absolute scalé of temperature from Charles’ law ? zh 7 
(b) Deduce the relation between the volume and pressure 
coefficient of an ideal gas. is oe aig) 
10. (a) Define water-equivalent and thermal capacity. How 
do they differ ? A block*of'platinum of mass 200 gms is heated in 
a furnace and then dropped into 650 gms of water at 10°C, kept 
ina vessel of water equivalent 50 gm. If the final temperature of 


the mixture be 25°C, calculate the. temperature of theefurnace. Sp. 
- heat of platinum —0'030. 2-143 
Define dew point 


-(b) Distinguish between vapour and gas. 
and relative humidity. 


and 16'5°C respectively. The saturation vapour pressures at 10°C, 
16°C and 17°C are respectively 9.10 mm, 13:50 mm and 1140 mm 
of mercury column. Calculate the relative humidity of the day. | 

2+2+2) & 


1L Write notes on :- (a) Effect of pressure on melting point 4 
and bailing point. (b) First law of thermodynamics. 646 | 
SY A Un 
ee psc y Group—D 
re Answer any two Question 


12. (a) What is simple harmonic motion? Mention its 
characteristics. Show that the principle of conservation, of 
mechanical energy holds good in such motion. 1t 3*2 

(b) The amplitude of a particle of mass 4 gm executing simple 
Didone: motion is5 cm. The acceleration of the particle is 12. — 
cm/sec” when it is 3 cm away from the mean position. Calulate iS 
the velocity of the,particle and the force acting on the particle 
when i it is 4 cm away from{the mean position. ii 2 

13. (a) What are forced vibration and resonance ? 

j ©) A vibrating tuning fork of frequency 256 vibrations pet 
sec is held near the upper open end of a vertical tube 200 cm lo 
filled with water and, water s allowed to run out slowly from, 
lower end. Neglecting end correction, calculate the positions € of | 
water surface in the tube for first and second resonances. Velocity 
of sound in air=320 m/sec. | 

14. (a) Write down Newton's formula for the veloci ra 
‘sound in air. What is its defect ?, How was the formula modified 
by Laplace?  — 14142 
(b) Write down the difference between longitudinal and. 
transverse wave. How would you establish that light is a 7 ; 


| verse wave ? 


t3 
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Group A 


Answer any two questions 


(a) Draw and explain the velocity—time graph of a particle 
moving with uniform acceleration. Explain the nature 
of the graph when the acceleration decreases with time. 


(b) A train begins to move with an acceleration of 2metre/ 


sec? when a man is 9 metres away from a door of the 


train. The man begins to run and catches it in 3 sec. - 


_ What is his acceleration ? 
(c) Two particles are dropped from the top of a tower at an 
interval of 2, seconds. Find their relative velocity and 


relative acceleration at à moment when both of them 


are falling. 
Newton's first and second » laws of motion, and 


[I 


(a). State 
define force from the first law. 


f inertia—ex plain. 


(b) Mass is the measure o 
static friction and kinetic friction ? 


(c) What do you mean by 


(a) Determine the value of potential energy of a body of 


mass M, situated at à height h. 
w of conservation of energy is obeyed 


eely under gravity. 
entum of a body having mass m and 


Eis VME. 


(b) Show that the la 


by a body falling fr 
(c) Show that the mom 
kinetic energy 
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Group B 


Answer any two questions 


(a) State Newton's law of gravitation. What is universal 
gravitational constant ? Find the relation between the 
said constant and the acceleration due to gravity. 


(b) The mass and the radius of the earth are respectively 81 
times and 4 times the values for the moon, Compare the 
accelerations on their surfaces. 


(c) Why does a body feel weightless in an artificial satellite ? 
(a) State and explain Hooke's law. 


(b) Draw and explain the loan-elongátion characteristic of an 
elastic solid material. 
(c) If the strain be 1% of 0'1, find the Ailig in length of 
a wire 5 metre long. . If the cross-section is | sq.mm. and 
load 10 kg.wt., what is the ratio of stress and strain ? 


(d) Define Poisson’s ratio and bulk modulus. 


(a) Compare specific gravity and density. ; 
(b) A body òf density d, is placed slowly on the surface of a 
liquid of density d, and depth A. After time t, the: body 
reaches the bottom of the liquid. Determine the value 
of t. 
(c) State. Pascal’s law and with its help, explain the prin- 
j ciple of operation of a hydraulic press. 


. (a) Explain with the help of diagram the working principle 
: ofacommon pump used for lifting of water. Discuss 


if there isany upper limit of the height to which water 
can be raised by such a pump. 


(b) If water is used in place of mercury ina barometer, what 
|. Will be thé height of the water. column at normal atmos- 


~ 


de MER. 


11. 


10. 


(39) 
Group C 


Answer.any two questions 


(a) Define the real and apparent coefficients of expansion of 
a liquid and establish the relation between them. 

(b) What do you understand by anomalous expansion of 
water? Explain with the ‘help of a diagram the Varan, 
tion of volume ofa certain amount of water, if tempera- 
ture changes from 0°C to 10°C. 

(c) Give three practical examples where expansion of solids 
has been made use of. 

of ice, dew point and relative humidity. 


(a) Define latent heat 
(b) What is the difference between evaporation and boiling ? 


(c) When two pieces of ice are pressed together, they form a 
single piece. Explain why. 

(d) 1f 64.800 calorie of heat is eX 
steam at 100°C, what will be the resu 
steam = 540 cal/gm ; latent heat of ice=80 cal/gm. 


postulates of the kinetic theory. 


tracted from 100 gm of 
It? Latent heat of 


(a) Write down the 
(b) What is mechanical equivalent of heat ? 
(c) Explain isothermal and adiabatic processes. 

mass 42 kg has its velocity reduced from 


(d) A meteorite of 
15 km/sec to 5 km/sec while crossing the atmosphere of 


the earth. What will be the amount of heat produced for 
this change of velocity 9 J=4.2 «107 ergs/cal. 


\ 


(a) Define thermal conductivity. 
(b) Write the differences between co! 


of heat. 
(c) Wind blows from seat 
land to sea at night. Explain. 
essel having surface area of 1 
h ice and then placed inside 
i y $ 
; | 


nduction and convection 
o land during daytime but from 


(d) A metallic “V sq. metre and. 
D. thickness 0:5 cm is filled wit 


? 


p re 
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water at 100°C. How much ice will melt if 36 seconds ? 
Thermal conductivity of metal=0.02 c.g.s. units, latent 
heat of ice=80 cal/gm. 


Group D 


Answer any two questions 


12. (a) What do you mean by time period ? 

(b) If the angular amplitude and the length of a simple 
pendulum are respectively 0 and l, find the velocity of 
the bob at the lowest position. 

(c) Show graphically the resultant motion of a particle on 
which two simple harmonic motions of the same frequ- 
ency are superposed (i) in phase and (ii) out of phase. 


13. (a) Explain the difference between progressive and stationary 
waves. ; 

(b) An aeroplane is moving parallel to the ground with a 
velocity v. A sound from the plane reaches it again by 
reflection from the ground after t sec. Find the height 
of the plane, if the velocity of sound be V. 

(c) What are beats ? 


14. ay State the laws of transverse vibration of a string. 
(b) Determine the relation between the length of a closed 
pipe and the wavelength of the vibrating air cotumn 
inside the pipe. . 
(c) What are the characteristics of musical sound ? 
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Group—A 
Answer any two questions. 


1. (a) Show the subtraction of two vectors by a figure. What: 


do you mean by the. resolution of a vector? How do you find out: 


the rectangular components of a vector ? 

(b) A man can reach just the opposite point of the bank by 
swimming in time tı and can swim the same distance down the 
current in time ts. If the speed of the man in still water be u and 
that of current be v, then find the ratio of tı and te. 

(c) A man is walking at the rate of 2 km per hour. The rain 


appearsto him to fall vertically with a speed of 2 km/hour. Find 


out the real value and direction of velocity of rainfall. 


2, (a) State Newto n’s second law of motion. How ‘can you 
establish the first law from his second law ? * 
(b) Show that if a weight is hung from the midpoint of a wire, 


it cannot be kept horizontal. 
(c) Action and reaction are e 
w this. 


qual and opposite—describe an 


easy experiment to sho 
(d) A mass of z0 kg is hanging from the hook of a spring 


balance fixed to the roof of a lift, What will be the reading of 
spring balance when the lift is (i) ascending with an acceleration 
of 0'2 m/s, (ii) descending with an acceleration of 0'1 m/s, (iii) 


moving up uniformly with a velocity of 0°15 m/s ? 

3, (a) Find tae relation between angular velocity. and linear 
velocity. Obtain the expression for centripetal acceleration. 

(b) The weight o£ a body on the surface is less due to diurnal 


motion of the earth—explain. j 
(c). Define Joule and Horse-power —. EU 


vs 


Ld 


— 


ja curved path of radius 20 meter. Find the angle of his inclinatiom 


n 5. (a) Define Young’s modulus:and Poisson’s ratio. 


— [42] 


(d A cycle rider is moving with a speed of 18 km/hour along 


with the vertical. (¢=980 cm/sec”). 
Group—B 
Answer any two questions. 
4. (a) Find out how acceleration due to gravity at a place varice 
with altitude. ` 
; (b) What dó you mean by a geo-stationary satellite ? 
(c) Derive an expression for the velocity of an artificial satellita. 
moving in a circular orbit. ` 
t. (d) A satellite is moving round the earth in a circular path of. 
800 km from the surface. Find out its velocity. Radius of the earth 
= 6400 km , g=980 cm/sec?. ] 


- b) Find out-the work dore per unit volume in case of extensione 
of a metal wire. i 
vc (c) What is a spring balance ? 
` (d) Two end# of a steel wire of diameter 4 mm are fixed by 
supports at 300°C. What will be the force exerted on the supports” 
if temperature falls down to 30°C ? Coefficient of linear expansion 
of steel= 10 x 107*/^C , Young's modulus of steel=1°1 x10** e 
'cm*. 1 
6. (a) Explain the principle of action of a siphon, mentioni B 
igi the conditions under which it will be in action. 

' (b) Explain whether the rate of flow of liquid through a siphon 

- will change if the atmospheric pressure changes. 
(e) How can you determine the height of a mountain with the — 
^os of a barometer, if the average density of air is known ? 
g0) Rerbaitie oil has to be brought over an obstacle by E X 
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7. (a) State and explain Archimedes’ principle. 

(b) What is buoyancy ? Show how and on what factors its value 
depends, 

(c) A floating body loses its weight—explain. 

(d) The weight of a body in air is 0'4 gm. Its weight along 
with am immerser in water is 3.37 gm, The weight of immerser in 
air is 4'0 gm. Find the sp. gravity of the body. Sp. gr. of immerser 
=8 0, 

Group—C 
Answer any two questions. 
8. (a) Derive the relation between the coefficient of cubical 
expansion and coefficient of linear expansion of a solid. 

(b) A metal scale does not give correct value at all temperatures 
—explain. j 

(c) The density of glass at 10°C and 60° C is respectively 2'6 
gm/cc and 2:596 gm/co. Find out the average value of the coefficient 
of linear expansion of glass in this temperature range. 

(d) Explain whether the base angle of an isosceles triangle made 
by copper rods will change by heating. 

9, (a) State Boyle's law and Charles’ law. Derive the Ideal gas 
-equation from the same, What is the universal gas constant ? 

(b) How can you get Boyle’s law and Avogadro's law from the 


kinetic theory of gases ? 
ic) How do you get the idea of the absolute zero of temperature 


from Charles’ law ? 
10. (a) What are the factors on which the rate of evaportaion 


depends ? 
(b) State and explain the fundamental principle of calorimetry ; 
mention the conditions under which it is applicable. 


ic) State the influence of pressure on the melting point of a 


substance. 
(d) A piece of metal of mass 10 gm was heated to 100°C and 


then dropped in a mixture of water and ice The 


volume of mixture 
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decreased by 0'1 cc though the temperature remained the same ' 
Find the specific heat of the metal. The latent heat of ice=80 Cal/ 2 
gm. Densities of ice and water at 0°C are 0°916 and 1'0 gm/cc res- i 
pectively. 

11. (a) State and explain the first law of thermodynamics. 

(b) Describe a method for determining the mechanical equivalent — 
of heat. 

(c) At which temperature a piece of wood and a piece of metal 
will appear equally hot on touching and why ? ` à 

(d) The velocity of a meteorite of mass 42 kg changed from 15353 
km/sec to 5 km/sec while passing through the atmosphere. Calculate 
the amount of heat produced during the process. J—42 x 107 ergs/ 
cal. 

Group—D 
Answer any two questions. 

12. (a) what is resonance ? Explain with an example. 

(b) Show that the equation x=a sin wt represents a simple har- 
monic motion. 

(c) Explain the terms amplitude, Phase and time period ofa ` 
simple harmonic motion. à 

13. (a) Discuss the correction made by Laplace to Newton's 
formule for the velocity of sound in gas. | 

(b) Explain what information is obtained about its nature from. 
polarisation of light. Why there is no polarisation of sound waves? : 

(c) Find out the velocity of sound in hydrogen gas at N. T. P. - 
The density of hydrogen at N.T.P.— 0090 gml/litre , y—1'4. a 

14. (a) What is interference of waves ? Describe an experiment . 
to show the interference of sound wave. 3 à 

(b) Derive the relation between the fundamentals produced in .- 
two tubes of same length—one open, the other is closed. 1 

(c) 5 beats are produced when two tuning forks A and Bare | 
sounded together. Find out the frequencies of the forks, if they pro- 


_ duce resonance with 36 cm and 37 cm respectively of air column of . 
a tube closed at one end. 


Dr. D.P. Ray Chaudhui i needs no introduction to - 


. A lifetime spent in 
teaching Science to millions of students had 
enabled him to keenly appreciate the 


problems 
faced by them in understanding the intricacics of 
4 the subject. 


